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In his two best selleis. Mathematics for the Mdho/i and Science Jo'i die Ciiuen 
Lancelot Hogben achieved the seennngly impossible He made accessible 
to a wide readmg pubhc a nch fund of substantial mformaaon and techmcal 
instruction against a social backqtoimd of changing Jiui^^an needs in the smuggle 
of man with external nature Then successor is a project of equal magnitude 
and of equal topical relevance Its autiao^ has accomphshed his lasi; with 
no less novelty and no less distinction The social fen egiound of l^iiguage 
planning for world peace and the historical drama of the evolunon of numan 
speech on a planetary scale provide a theme which brmgs to life me dead 
bones of grammar and a techmque which hghtens the tedium of leaimng 
To a wide circle of readeis The Loom of Language now offers a master ke}/ 
to elementary proficiency m the art of simple self-expression for foieign 
travel Like the two precedmg Primers for the Age of Plenty Dx Bodmer's 
book is for the reader who really wants to know In coUaboiation Wxth the 
author^ the editor himself has contributed not a httle to the plan and to its 
hvelmess of presentation Like Mathematics for the Million and Science for 
the Citizen^ The Loom of Language is an entirely new departure in modem 
populanzatton of knowledge, and is therefore a handbook foi the home 
student, a treasury for the teacher, and a guide to mteUigent citizenship in 
the world of to-day. 
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FOR£\^'OilI> TO SECOND EDITION 

Scx»cejci la f ’* — . .'a, red number of 

mLe-Ljenl rC il**w 3 wLo -c i L.3 i ' _ S.i. "V 5 i_ i£ non the 

focus of £cn>_ne.v cvU" j". ct. w scc._l cl* r; s c.io r ^n.c^ for the large 
and giO'>mg ncmL^r ci nn? lef-^-c 'nrl tne\ «nl be the first 

actims of tae no , desLT-^*^ e cf cc e^ c- nn 2 app**ed Smee it is the 

first BntLsh nandbooh to 5-’. ■./ /' v ’ -t hat, m.c’’ iiap- 3 '', the glaring 
faul'S of ane nev, taug £dac3t.en sec res tne se.ciit.ic speaalist from 
those vho srud}’ picbi-ens of gcvvinnicct enc. social . cifixc £o like anjone 
else nnoj in this seneial-ca, might have a.temptea a tasa so anibiaous, I 
have had to re-cdi;c3.e mv seJu: me prcce'-s ci nnang it 
Natural sciehce is an ecsenh _ put of th' eaucahon of? citizen, because 
scientific discoveries aficct me e^eroay i.ves of ev’crone Hence saence 
for the c ti"en must be „e.ence as -i recaid of p^^st, and -s an inventorj’ for 
future, human achievements Tnev lUb.v’ it cannot be divorced from history, 
and my first duty is .o CvSno'^ ledge the patience r.th vrhich mv former 
colleagues of the history dcpaitment in the London School of Economics 
responded to my requests for sources of information Needless to say I am 
not competent to judge the rehabihtj of the sources, which I have quoted at 
length when a personal statement of opimon would imply that I have suffiaent 
first-hand knowledge to do so for insiance, this apphes to some suggestive 
speculations concermng the datmg of anaent monuments m Chaptors I and 
IV To avoid misunderstanding, let me warn the reader that different eicperts 
do not always share the same views on this topic, and the example cited m 
Chapter IV is not given because all authonties would agree with the date of 
the Pjramid to which Neuberger subsenbes m his treatise on anaent techno- 
logy I have mcluded it for reasons more fully stated below, in particular, 
because it gives the readet a clue to the way m which a hypothesis of this kmd 
can be subjected to an mdependent test 
In the Victonan age big men of saence like Faraday, T H. Huxley, and 
Tyndall did not think it beneath then digmty to wnte about simple truths 
with the conviction that they could instruct their audiences There were 
giants m those days The new fashion is to select from the penphety of 
mathematiazed hypotheses some half assimilated speculation as a prefree 
to honuhes and apologetics crude enough to mduce a cold sweat m a really 
sophisticated theologian who knows his job The clue to the state of mmd 
which produces them is contempt for the common man The key to the 
eloquent hterature which the pen of Faraday and Huxley produced is their 
firm faith m the educabihty of mankind. 

Because I share that frith I have not asked the reader to take any reasoning 
on trust Smee the reasoning used m saence is often conducted with the sort 
of shorthand called algebra or illustrated by the sort of scale diagrams called 
geometry, a casual glance at isolated pages of this bqok might be discouxaghtS 
to those who have beat humiliated by the obstacles which early education 
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places m our path Fortunately the engaging illustrations of my friend and 
collaborator Horrabm are hkdy to remove the unpression that this is hke 
anything that the reader has learned at school Beyond that let me say this 
Anyone who has mastered the essence of the first half of Mathematics for the 
MtUtorif or has once been through a course of elementary mathematics leading 
to a school-leavmg certificate, will have nothmg to be afraid of The rest will 
be told and the reader will be remmded of what may have been long smce 
forgotten. 

The present edition contains many amendments of the earher text su^ested 
by readers who have kindly co-operated with the author in removing obscun- 
ties and correctmg the mevitable misprmts m so long a book My debt to 
vanous finends, m particular to Mr Richard Palmer, Dr Miller, and Mr 
H D Didkinson who helped to see it through the press m its ongmal form 
has been recorded m the foreword to the first edition The kmd consideration 
which the latter received from reviewers prompts me to remove one other 
possible source of misunderstandmg Science for the Citizen is written for 
citizens livmg m a soaety whidi has scarcely begun to see how saence nught 
be used for the satisfaction of human needs As such it is a product of a 
particular human environment m which a particular aspect of the manifold 
truth needs special emphasis In an of Peace and Plenty it might well be 
important to lay more stress on what is sometimes called the disinterested 
pursmt of truth I have hinted m vanous places, as m the mtroductory remarks 
of Chapter XV, that the mdividual attitude of the mvestigator is an aspect 
of saenufic progress with which we must always reckon To-day the great 
need is to emphasize how the capaaties of individuals who can pursue saence 
m the only way m which truly saentific knowledge can be advanced are 
contmually thwarted by the lopsided encouragement of research m a society 
which consecrates its finest gifts to gigantic preparations for destroymg human 
life Tune may com^ and v^ come if this book helps to promote the outlook 
which these pages unfold, when it will no longer be necessary to emphasize 
this aspect of saentific progress If that tune comes it may be necessary to 
discourage the approach to, and to displace the method of, exposition which 
I beheve to be right and necessary for my day and generation If so, I who have 
not always shown chanty to my predecessors, shall not be m a position to 
complam of harsh cntiasm m a footnote on popular saence m the first half 
of the twentieth century 
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.xxitj s:lL lIi 2 xEkCa- 

ci J ia...Ciixae svlixwxj ’~,xL a;.- c.. . prea nature x forca 
a falLa5 of xrio * lOx^tr, par- 

Ibiacung tiia i-Ijoji of iroa^v .xic*, fi’ co*Ja gro 

xith aud tYienty Ox.ives te set free,, aicr-a^ e*. Lrat the naturs 
eawtt of lIo xiurodt'CtiOJ nL rr'^Cxx^nes *: aji xxx.g'iiciitation c* 
the prcducuse class, whca*e a greater t-mber cf msentoxs 
end increased production Bui, in a ula\„- state, the appli- 
cation of natural forces and die substitation of machine labour 
foi servile, is maml> impossible, fer tis, m such a state, the 
profits of the capitalist zest upon his slaves, he sees that the 
introduction of machines must imperil his resources, and 
S'! hen, as m Greece, the capitohsts belong to the rulmg 
ukss, the Govetnnient and people vnU combme to perpetuate 
the pvisting system, le sla\ery — ^the Government with the 
seemmgly-wise purpose of assurmg subsistence to the 
labourers Only the freeman, not the slate, has a disposition 
and interest to improve implements or to mvent them, 
accordmgly, m the devismg of a compheated machme, the 
workmen emplojed upon it are generally co-m\ enters The 
eccentric and the governor, most important parts of the 
steam-engme, were devised by laboturers The improvement 
of estabhshed mdustnal methods by slaves, themselves 
industrial machmes, is out of the question ” 


LIEBIG 




CHAPTER I 


POLE STAR AND PYRAMID 
T}^ Comng of the Calendar 

A MUCH abused wnter of the nmeteenth centurv said up to the present 
philosophers hceoe only interpreted the worlds it ts also necessary to change it 
No statement more fittmgly distmgmshes the standpomt of humanistic 
philosophy from the scientific outlook Science is organized workmanship 
Its history is co-extensive with that of avilized hvmg It emerges so soon as 
the secret lore of the craftsman overflows me dam of oral tradition, de m and in g 
a permanent record of its own It expands as the record becomes accessible 
to a widenmg persoimel, gathenng mto itself and coordinating the fruits 
of new crafts It langmshes when the soaal mcenti\e to new productive 
accomplishment is lackmg, and when its custodians lose the will to share 
It with others Its history, which is the historj of the constructive achieve- 
ments of mankmd, is also the historv of the democratization of positive 
knowledge This book is written to tell the story of its growth as a record of 
human achievement, a story of the satisfaction of the common needs of 
m a nk md, disclosmg as it infolds new horizons of human wellbemg which 
he before us, if we plan our new resources mtelhgendy 
Whether we choose to call it pure or apphed, the story of saence is not 
somethmg apart from the common hfe of mankmd. What we call pure saence 
only thnves when the contemporary social structure is capable of makmg 
full use of Its teachmg, fuimshmg it with new problems for solution and 
eqmppmg it wnth new instruments for solving them Without pnntmg there 
would have been htde demand for spectacles, without spectacles neither 
telescope nor microscope, without these the fimte veloaty of hght, the 
annual parallax of the stars, and the micro-orgamsms of fermentation 
processes and disease would never have been known to saence Without 
the pendulum dock and the projectile there would have been no dynamics 
nor theory of sound Without the djmamics of the pendulum and projectile, 
no Prtnctpia Without deep-shaft mining m the sixteenth century, when 
abundant slave labour was no longer to hand, there would have been no 
social urge to study aur pressure, ventilation, and explosion Balloons would 
not have been mvented, chenustry would have barely surpassed the level 
reached m the third tmllenTinim b c , and the conditions for discovering the 
electnc current would have been ladong 
For this reason the chapters which follow will not adopt the customary 
division of saence mto separate disaplmes, such as chemistry or biology 
The topics dealt with will be grouped under six mam themes, the story of 
man’s conquest of time reckonmg and measure maa t, of material 

substitutes, of new power resources, of disease, of hunger, and of behaviour 
When the language of mathematics is used, no advanced knowledge will 
be assumed, qtiH it will present no difiSculties if the reader is prepared to do 
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a little on the Oi^amples gi^en i.i oJfcuIjes arise the r'^^adtr should 

not be too e disc ♦ jrn:;,ed 3 or ^vc up repo 17 one chapter or page is 
tK. M>rij J e : cu net ^ rD'-ecta^-T. e^s^^ I mot* 

difllcuhive* rn-i o * toj- ''rcjiiiiir2 

It z 4*1 i *0 ci^ ib;^-w no or>giiiJiir a die con- 

ception lit iCwK « r uro -s terrptcu ihiult co should ^efect cn ♦ne %vords 
VMth which the great Geiinan chemist Liebig addressed me *vcyai Academy 
of Sciences at Alunica in iSCtI Spealang of the D^elopne^rd of Idea% ih 
P lysual Sc^enKe^ l*cbig s^nid 

The hisiors' oi physical science teaches iis that our knowledge of things 
and of natural rhKnorrena has^ for its starting point, the maten^ and mtei- 
lectual Wyants ot inan and is conditooned by both Man is not ooru 

acquainted i^iith sensible objects* and their properties and effects, these notions 
must be gamed bv experience • AM these conceptions have sprung or have 
been derived from sensible marks Smee natural phenomena are mter- 

connected like knots m a net, the investigation of particular phenomena c\ mces 
that they have in common certam conditions, which as remarked aie active 
thmgs Having the facts it is our subsequent business to estabLsh 

their conne> ion The facts themselves are obtained through sensual perceptions, 
when these aie imperfect, so will be the knowledge reared on them We can 
have no general theoretical propositions except by means of mducdon, and 
mductions can be framed only through sensual perceptions Manifestly 

therefore the truth of explanations does not depend on the pimciplcs of logic 
alone The first explanations can, manifestly, be neither definite nor 

limited, and they must change just m proportion as the facts are more dis- 
tmctly ascertamed and as the unknown ones belongmg to the conception are 
discovered and mcoiporated m it The eorher expkmauons are therefore only 
relatively false and the latter only therem truer that the contents of the con- 
ceptions of thmgs are more comprehensive, determinate and distmct 
The conception of time which belongs to the composite notion of velocity was 
first developed fifteen hundred years after Anstode For short mtervals the 
Greeks had not clocks or tune measures • Charlemagne’s endeavours by 
the estabhshment of schools to elevate the mteUigence of the rude and ignorant 
priesthood of the age could have no restdt, the soil on which culture thrives 
being not yet prepared The development of culture, i e the extendmg of man’s 
spiritual domam, depends on the growth of the mventions which condition 
the progress of civilization, for through these new facts are obtamed . . , Only 
the free man, not the slave, has a disposition and mterest to improve implements 
or to invent them, accordingly, m the devismg of a compheated machme, the 
workmen employed upon it are generally co-mventors • Greek civiliza- 
tion travdled through the Roman Empire and the Arabians mto every European 
country* . The members of the newly originated mtellectual dims were at 
first occupied m gaming possession of the treasures of anaent learning • 
The position and employment of the learned of those tones concurred m with- 
drawing them ficom contact with the productive classes. Accordingly the litera- 
ture of that age gives no Indication of the degree of the popular civilization and 
culture; for the knowledlge circulating through the masses and absorbed mto 
their thinking, a knowledge originating m their unproved acquaintance with 
physical laws, was not 3 ret stored up m books and was wholly foreign to the 
learned* * . . With the exdnctxon of the slavery of the ancient world and the 
union of all the conditions for the evolution of the human mind, pjrogress 
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of Civilization and culture is thenceforth assured, indestructibly impenshable 
Most oi the facts fiom which the investigator elaborated empirical ideas he 
had long smce lecened horn the iretaiiiirgists, the enginecxS, the apothecaries, 
and had lesohea tnc^r my entions into conceptions v hjch me pioducing classes 
receivea rack the craftsman, techmcian, agi iCuIturaLst physician, as m 
Greece, ask counsel of the theonst . The ii^stor^ oi nat ons informs us ot 
tne fruitless efforts cf pchticol and tLeologcat power*' lo perpetuate slavery, 
corporeal and intellectual Future \%ib acLcnoe tre \*ctcijeb ot freedom 

which men acmeved through investigation of tLe of thinge ana of truth, 

victones won with bJooaless weapons ana m a struggle v^nerem morals and 
rehgion participated only as feeble alLes 


THE BFGIKMNG OF SC17KLF 

We Start with the conqat^t of time aaa chstance That is to sa>, the kmd 
of knowledge we neea to reap tiacK of the sea^ot-. jlaci find our where- 
abouts m the world we inhabit. One depenus upon tlie other Alakmg a 
calendar and natngating a ship depend on diC sam"* " m\} of knowledge, and 
we shall not be able to keep the two issues apaii. All ^h of the mjstert^ which 
enshrouds contemporary discussion cf i^elamity wfJ present no difficulty if 
the use of the ship*s chronometer is grasped frml^ at the outset All measure- 
ments of tone depend on making measiireir snts in space, and localization m 
space depends on measurements of time 

^ e used to think of man as a tool-beajing tinmLil, and to divide the pre- 
htcrate stage of his existence mto an old btnnf* age and a new stone age We 
now know that the social achievements cf mankmd before the beginnmg of 
the wntten record mclude far more important tilings than the perfection of 
axes and arrowheads Three discoveries mto which he blundered many 
millennia before the dawn of civilization m Egjpt, Sumena, or Turkestan, are 
spcaally significant TX ith the aid of the dogs wmch followed him and prowled 
about his camp fires, he began to htrd mstead of to hunt He learned to 
scatter millet and barley, to store gram to consume when there were no 
frmts to gather He collected gold nuggets and bits of meteoric iron, and, it 
may be, noticed the formation of copper (see p 3G0) j&om the green pigment 
that he used for adornment, when it was heated m the embers The sheep 
is an animal with seasonal fertihty, and cereal crops are largely annual In 
domesticating the sheep and learmng to sow cereals, man therefore made a 
fateful step The recognition of the passage of time now became a primary 
necessity of social life In leammg to record the passage of time man learned 
to measure thmgs He learned to keep account of past events He made 
structures on a much vaster scale than any which he employed for purely 
domestic use The arts of wntmg, architecture, numbermg, and m pamcular 
geometry, which was the oflFsprmg of star lore and shadow redconmg, were 
all by-products of man’s first organized achievement, the construction of 
the calendar Shakespeare anticipated Sir Norman Lockyer when he wrote 
‘‘'Our foiefatiiers had no other books but the score and the tally ’** 

Science began when man started to plan ahead for the seasons, because 

* Hemy VI, Act iv — score in this context is firom the Anglo-Saxon scora meaning 

notchM rnftrift on the tallv stick 
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planning ahead for the seasons demanded an organized body of contmuous 
observations and a permanent recoid of their recurrence In an age of wireless 
transmission, of mechanical clocks and cheap almanacs, we take time for 
granted Before there w ere ony clocks or simpler devices hke the hour-glass 
or the clepsydra for recordmg the passage of time, mankmd had to depend 
on the direction of the hea\enly bodies, sun by day and the stars by mght 
Already m the huntmg and food gathermg stage the human race had 
probably learned to associate changes m vegetation, the matmg habits of 
animals, and the recurrence of drought or floods, with the nsmg and settmg 
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The earliest geometrical problems arose from the need for a to regulate the 

seas on a l pursuits of settled agriculture The recurrence of the seasons was recognized 
by erecting monuments m Ime with the nsmg, settmg, or transit of celestial bodies 
This photograph, taken at Stonehenge, shows how the position of a stone marked 
the day of the summer solstice when the sun rises farthest north along the eastern 
boundary of the horizon 


of bnght stars and star clusters immediately before sunrise or m evenmg 
twihg^t When the great agrarian revolution reached its dimax m the dawn 
of city life, a technique of timekeeping emerged as its pivotal achievement 
What chiefly remain to record the beginnings of an orderly routme of 
settled life in aties are the vast structures which bear eloquent witness to 
the primary social furyction of the pnesthood as custodians of the calendar 
The temple with its corridor and portal placed to greet the transit of its 
guardian star or to trap a thin shaft of hght from the nsmg or settmg sun 
of the quarter-days; the obehsk or shadow dock, the Pyramids facing 
equmoctml sunrise or sunset, the pole and the southmgs of the bnght stars 
m the zodiac, the great stone circle of Stonehenge with its" sight^hne 
pointing to the nsmg sun of the summer solsdce— all these are first and 
feremost abnanacs in architecture. Nascent science and oeremomal rehgion 
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had a common focus of social necessity m the observatory-temple of the 
astronomer-priest That t^e still di\ide the circle mto 360 degrees^ that we 




Fig 2 —The Astronomigai- ORiEisprATiON of the Greai Pyramid 

The Pymmid of Cheoj^ wd that of Sneferu are constructed on a common geometncal 
plan The perimeter of the four sides, which face exactly the north, south, east, and 
wst, h^ the s^e ratio to the height as the ratio of the circumference to the radius 
of a circle, i e 2 x 3 ^, or 277 Accordmg to Flmders Petne ‘‘The squareness and level 
^ ^dliantly true, the average error bemg less than a ten-thousandth of the 
quality, sqj^eness, and level Accordmg to Neugehauer^ the rays of Sinus 
the Qogstar, whose heliac^ rismg announced the Egyptian New Year and the floodmg 
ot pe sacred river which brought prosperity to the culuvators, were perpendictdar 
to the sou^ face at transit, and shone down the ventilating shaft mto the royal chamber 
while b^dmg was m progress The mam opening, and a second shaft leading to the 
lower diambe^conveyed the hght of the Pole Star, which was then the starS m the 
constellation Draco^ at its lower transit, three degrees below the true celestial pole 


reckon fractions of a degree m nunutes and seconds, remmd us that 
learned to measure angles before they had settled standards of length or 
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area Anjanr measurement \vau the nectscary ioundatiOD of tnnekeepmg 
The social necessity of recording the passage of time forced mankind to map 
out the heaven's How to map the ectHh came later as an uciforeseen result 

It IS a common belief that m'ltnemaacs is the haLmaik of science^ and 
some people are apt lo ^ma me thrr tie of a licJe mathematics 

mto subjects Inte e«^oiioii ‘Cg en-^ties !:*aam *.o raiJc . g genome science The 
truth IS that science i on the pamstalong recognition of imiformiLLes m 
nature In no branch of science xS this more evident than m astronomy^ the 
oldest of the saences^ a id uic parent of the ma Jiemat^cal arts Between the 
begimungs of cjtv life and the tmie when homan bemgs first began to sow 
com or to herd sheep, ten oi twenty tnousand years — ^perhaps moie^ — ^may 
have been occupied in scannmg the nignt skies and waccnmg the sun’s 
shadow throughout tne seasons Alankmd vas learnmg the umfomuties 
which signali/e the passage of the seasons, becoming aware of an external 
order, graspmg slowly that it could only be commanded by bemg obeyed, 
and not as y^t reahzmg that it could not be bnbed There is no hard and 
sharp Ime between the beginnings of science and what we now call magic 
Professor EUiot Smith iighdy sa3rs that magic is the discarded science of 
yesterday The first pnests were also the fiirst scientists and the first avil 
servants As custodians of the calendar, they careated an organized body of 
rehable knowledge fiom the common expenence of herdsman and cultivator 

To understand how a saence of astronomy is possible, w^e have to acquamt 
ourselves with umfonmties of nature, once familiar features of the everyday 
life of mankmd They are no longer part of the everyday life of people who 
live m large aues So, many readers of this book wdl need to be told what 
they are Lookmg at them retrospectively we con arrange them imder four 
headings 

THB DIURNAL EVENTS 

First we have to reckon with the diurnal events At daybreak and mght- 
fell the shepherd, as he stands at the door of his hut, sees the sim nsmg m 
different positions at different tunes of the year, but always towards one 
side of the horizon He watches it, as it sets m different positions at different 
times of the year, but always towards the opposite side of the horizon So he 
learns to distinguish an eastern horizon of sunrise and a western horizon 
of sunset In the region north of the tropics, where the neolithic agrarian 
economy began, the sun travels over the heavens obliquely, so that the 
noon shadow is always On one side of the line joining the eastern and western 
hoanzons (Fig S). The sun’s shadow shortens as day wears on till the sxm 
Itself IS highest m the heavens, and then lengthens agam as it pomts more 
and more towards the place of the nsmg sun The noon or shortest shadow 
dmded the working day of the cultivator mto mommg and afternoon 
Fisher folk would be ftmuliar with other time signals besides the daily changes 
of the syn and stars. They would see how high and low water at the tide 
jnatks would happen twice m a ds^and a mght Before there was any settled 
husbandry, hunting and ft>od-gathetmg tribes had learned to recognize 
femiliar star dusters, like the Dipper or Great Bear and Cassiopeia, when 
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night feLj to hon me} change their positioji liKe the zan as niglit goes 
on, ana to ccuce x o one ster^ the Pole it zlv ats seen abo^ e the same 
point on tne hoi^zon, m the ca^ne a*, sun^^ot anu. w*l s?inn*c 

'^hen men oe^ n .o c*. u d pox^^ oi p^'ai;^ lu ni^A on me da^ b\ 

me dxrection and length of tne shadow, the^ \^ouid nouce the noon 



JLXG 3 

The noou or shortest sh idow of the Obelisk or shadow clock points due north towards 
the ceicstid pole \t tlie equinoxes (Aiarch 21st and September 21rd) the sun rises 
due east and sets due west, and the observei is at the centre ot its semicircular 
track, called the t.dtiin'iLVal or celestial equator The angle A which the sun makes 
with tne horizon is called its altitude The angle Z wmch it makes with the vertical 
IS Its zemth distatice The alurude of the Pole Star is verv nearly constant, and on the 
cqumoxes the 2 d ot the noon sun is practically cquil to the altitude of the Po^e 
Star Hence the plane oi the equmoctial is at nght angles to the axis which passes 
through the observei and the celestial pole The stars and moon pass over the horizon 
in circular arcs parallel to that of the sun’s transit, nsxng on the eastern side and 
settmg on the western side of the meridian, or arc, which passes through the north 
and south points ot the horizon, the pole, and the zemth directly overhead 

shadow always points to the same spot on the homon, and that the Pole 
Star remams throughout the mght eitactly above it (Fig 3) As the mght 
passed they would see the other stars revolve about the Pole Star m an anti- 
clockwise direction, from east to west above it, like the sun They would 
long sme^ have known that star clusters nearest fhe pole, the ‘^circiimpolar” 
stars, never sink bdow the honzon, trailing from west to east below the pole. 
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Fig 6 — ^The Changing Appearance of the Heavens 

In twenty-four hours the whole dome of heaven, mdudmg the moon, sun, and fixed 
stars, rotates about an axis which joins the observer to the celestial pole, whose position 
IS approxnnately marked by the Pole Star With the exception of the “circumpolar” 
stars, which are too near the pole to dip under the horizon, the heavenly bodies all 
appear to nse upwards from the eastern boundary and to sink below &e western 
boundary of the horizon plane In this motion, called the apparent diurnal motion 
of the celestial sphere, the fixed stars retam the same position relative to one another, 
so that at any place the time between the nsmgs or settings of any two stars and the 
direction m which any star is seen rising or settmg are always the same Relative to 
the nsmg of any fixed star, the moon and the sun each nse a little later on successive 
days They thus seem to be shppmg backwards below the eastern margin of the 
horizon pl^e The sim takes days to retreat eastwards till it is again m the same 
position relative to a fixed star, 1 e it shps under the horizon plane eastwards throu^ 
approximately one degree per day The moon takes 27^ days to do so, but, as the sun 
IS shppmg back, though more slowly, m the same cmecnon it takes a little longer, 
namdy, 29^ da 3 rs (see p 103), to return to the same position relative to the sun« In the 
figure new moon would occur about January 7th and the next new moon about 
February 5th At last quarter the moon is 90® west of the sun, nsmg about midnight 
and reachmg its highest point m the heavens about Bam, when its easterly half is 
visible At first quarter it sets about midnight, reachmg its hipest pomt in the heavens 
(mendian transit) at about 6pm, when its westerly face is illunimed 
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and from east to west above it (Fig 4) As the noon shadow divided the day, 
the signal of midnight would be when a star cluster, nsmg at sunset on the 
eastern horizon and setting at sunrise on the western horizon, was directly 
above the pole These clusters or ‘‘constellations” received fanciful names 
redolent with the preoccupations of everyday life m an agranan economy 





Fig b — ^Apparent Diornajl Motion of the Stars 
The stars appear to describe circular arcs parallel to one another about an axis which 
joins the observer to the celestial pole Those nearest the pole — ^the circiimpolar stars, 
like A here seen at lower culmination, never sink below the horizon and may, therefore, 
be seen crossing the meridian below the pole Other northerly stars, such as B, 
describe large arcs over the horizon and so remain above it more than 12 hours between 
rising and settmg north of the east and west pomts Stars (e g C) lying on the 
great equmoctial circle which cuts the east and west points (i e stars which rise due 
east and set due west) remain above the horizon for half the 24 hours of the diurnal 
cycle Stars (like D) which he south of the equmoctial rise and set towards the southern 
horizon and are below it more than 12 out of the 24 hours The majority of stars m 
a northern latitude cross the meridian south of the zemth Hence sailors speak of the 
transit of a star as its “southing ” 


Herdsmen watdiing the mght pass would iBnd it )ust as easy to recogmze 
mtexvals of mght time equivalent to the shadow hours of the day The much 
despised yokel, who has not upholstered his bram with the urban super- 
stitions of all the ages, is often adept m using the star dock A little practice 
while camping out is sxifficient to enable you to tdl the time by the stars 
with an error scarody more than quartet of an hour* 

Centuries before aty life b^;an, man had begun to fumble for a connected 
account of the regulanues forced on his attention He already knew that 
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sun, moon, and stars partake of the same daily and mghtly motion about 
one central pomt m the heavens As they stand, the facts with which primitive 
man was famihar m his everyday life are capable of bemg looked at m two 
ways When v^e are passmg another tram, we cannot at once tell whether 
we are at rest and the other one is m motion, or vice vcisa So we cannot tell 
whether we are going east to meet the stm and nsmg stars, or whether the> 
are movmg w^t to meet us In the tram we can settle the issue by lookmg 
out of the opposite wmdow We put ourselves m the position of the man on 
the platform Primitive man had no knowledge of v^hat the two trams would 
look like from the platform Havmg no other court of appeal, he mclmed to 
his first impression that the sim and stars were rushmg past him 

In the priestly lore of the carhest calendar civilizations the picture pieced 
together was something like this The stars, moon, and sun were all on the 
surface of a great sphere, of which we onlj^ see one half at a time The stars 
become visible when the sun is m the celestial hemisphere below our 
horizon (Fig 5) The celestial sphere revolves arotmd an axis jommg the 
Pole Star (Fig 6) to some fixed spot on the earth — the North Pole, as we call 
It today It completes its revolution m a day and a night, revolving m an 
anti-clockwise direction from the standpomt of a person lookmg upwards 
towards the North Pole Star 

Although the facts are equally explicable on the alternative assumption 
that the stars are fixed and that the earth is revolvmg about the same axis m 
the opposite direction to the apparent revolution of the celestial sphere, the 
earher and less sophisticated view embodied a tremendous gam It mvolved 
the first step towards a world map In counting the shadow hours and leam- 
mg to use the star clock, man had begun to use geometry He had begun to 
find his local bearmgs m cosxmc and terrestrial space An important step 
towards an art of measurement was made when men began to trace circles on 
the sand or the soft earth around the shadow pole to mark the moment when 
the shadow was shortest In discovermg the constant direction of the noon 
shadow pomtmg to the pole, they fixed two planes of reference One is the 
horizontal plane^ the north and south pomts of which divide the observer’s 
terrestrial horizon mto an easterly and a westerly half* The other was bounded 
by the great semicircle or Meridian of the heavens, with its lu^ghest pomt, 
the zenith, directly overhead (Fig 3) The axle of the heavenly* clock of star 
transit and shadow connected the Pole Star to the earthly pole m the mendian 
plane. Sun, moon, and stars are highest m the heavens where the circles 
they describe on the surface of the celestial sphere cut the mendian* 

THE MONTHLY EVENTS 

Smctly speaking m order of time, the fiirst class of uniformities j&om which 
the measurement of time proceeded were m all pzobabihty the lunar 
phenomena, from which we got the groupmg of days mto months and weeks 
(quarter months). There are stdl backv^d peoples who have not learned 
to reckon in years of eqmvalent length The recogmtion of the month is 
wellnigh umversal even among hunting tnbes with no settled agnculture 
Moonlight IS a drcuinstance of enormous importance m the everyday hfe 
of people who have crude means of artificial dluminattoru Even today m 
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remote parts of the country the time of full moon is chosen for a long mght 
journej^ 

An interval of roughly thirty days separates one full moon or new moon 
from another 1 he two half moons, the first ‘‘quarter” when waxmg and the 
third “quarter” when wanmg, complete the division of the month mto 
quarters, which roughly correspond to our week Near the sea it is noticed 
that the tides are exceptionally high when the moon is mvisible through the 
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I-iG 7 — ^The Monthly Cycle of the Moon’s Phases 


whole mght (new moon) and when it is full At first and third quarter (half 
moons) the high-water mark is exceptionally low The most important 
thing ^ig 6 ) connected with the changmg appearance of the moon is that 
as the moon waxes and wanes it nses towards the east a little later every 
day At first quarter (Fig 7) it is already high m the heavens at sunset, 
setting about imdmght The full moon nses about sunset, is at its highest 
about midnight, and sets towards sunrise At the third quarter the wanmg 
moon does not nse nil about nudmght, is seen at its highest pomt (“crosses 
the mendian”) about sunrise, and is visible during the morning by daylight.* 

The moon seems to partake of the general motion the odesnal sphere, 

* The idattve times of setting and nsing of the sun and moon depend partly on 
theiT decJhnations, as eaqplatned m Ch^ter II, and a» different at dimsrent seasons 
Tfaese remadw, lace othexs on the nean pag^ are only to be taken as a rough outline 
of what happens. 
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rising m the east and setting m the west If it rises at the same time as a 
particular star cluster on a paracular mght m the month, the same constel- 
lation VriU rise a little earher than the moon on the mght following A week 
later it would already be above the pole at moonnse Thus the moon itself 
seems to be shppmg backwards m the opposite direction to the apparent 
rotation of the sim and fixed stars, so that it gets back to where it was before 
after a definite mtertal of da>s and mghts, i e what we call roughly a month 
Alternatively we may say that it rotates round the earth m about a month in 
the same direction as the earth’s axial or diumal motion Whichever way we 
look at it, the moon has a motion of its own, mdependent of the apparent 
monon of the fixed stars 

THE ANKUAL EVENTS 

In regulatmg the seasonal requirements of a pastoral and gram economy, 
the determination of the 3 ear was of supreme importance The contmmt\ 
of careful observations which preceded, and the precision involved m settling 
the exact length of the year, entitle this achievement to be regarded as one 
of the half-dozen great cultural feats m the history of mankind Smce the 
Egyptian priests had already established a year of 365 days by 4241 b c , we 
may conclude that the recogmtion of the year as a umt of time antedates 
the beginnings of the great calendar civilizations Associated with the passage 
of the seasons m the everyday life of neolithic man, two classes of events 
contnbuted to the first crude appreciation of the year as a natural umt of 
time One is concerned with the beha^our of the stars, the other with that 
of the sim’s shadow 

The stars nse earher every mght If a star is seen nsing exactly at sunset 
on a particular day, it will be seen well above the horizon when the sim sets 
a few weeks later If a star is m the west at sunrise and m the east at sunset m 
March, it will reach its highest pomt m the sky when the sun goes dowm, 
about three full moons later, 1 e at the end of Jime After six months it wnU 
be already setting m the west at sunset, unless it is very near the pole If it 
IS a circumpolar star, as are those m the constellations of Cassiopeia and 
of the Great Bear m our latitude, it will be slopmg down towards the northern 
horizon A circumpolar star seen at midmght directly above the pole, will 
be seen directly below the pole C*lower culmination”) at midnight six months 
later 

The majonty of the stars are below the horizon at lower culmination So 
they are otdy visible after mghtfall during part of the year At nudwmter, m 
the latitude of London, Onon, with its three bright stars forming the belt, is 
visible most of the night, nsmg }ust after sunset and settmg m the early morn- 
ing hours before sunrise By March 21st (vernal equmox) it has reached its 
highest pomt (crosses the mendian) m the heavens at sunset, and is seen 
settmg about midnight By midsummer it sets before sunset and has not yet 
risen by sunrise. So it is mvisible m the summer sky. 

All these appearances occur with perfect regularity after the lapse of the 
same number of full moons Thus the sun’s apparent position among the 
fixed stars is not constant Smce the stars nse earlier every day, the sun, 
while partaking of the apparent diumal rotation of the celestial sphere^ also 
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seems to be slipping back a hitle in the opposite direction^ like the moon only not 
so fast (Fig 13) In the course of a year it shps back through a complete 
circle to its ongmal position A common early estimate of the time taken 
to do so was twelve 30-day months or 300 days, hence the division of the 
great circle of the sim*s track m the heavens mto the three hundred and 
sixty degrees which have persisted to our own time From the standpomt 
of an earth-observer, the constellations cioss the meridian above the pole 
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Fig 8 — The Egyptian Year 

This shows the nsmg of Smixs )ust before sunrise m July By October it will rise 
6 hours earlier towards midnight By January it will rise about 12 hours earlier, i e 
shortly after sunset^ and will be seen through the greater part of the night, setting before 
sunnse By April it will nse towards noon and will set in the evening 


at midnight, when the sun occupies a position on the opposite side of the 
celestial sphere When the sun is on the same great semicircle joining the 
cdesml poles, they wiU pass over the horizon of the observer by day. 
Consequently they will not be visible to the naked eye, bemg screened by 
the bxj^tness of the sim (Fig 9). 

The number of days wluch elapse between the rising of a star just before 
sunnse or its setting just before sunset on two successive occasions is the 
penod m which the sun gets back to its same position relative to the fixed 
stars. The Egyptian year of 365 days was based on the kebacal rtstng^ of 

* xismg wtth the aua* 
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SinuSs the bnghtest i>tar m the sk\ Sinus as a winter star, rising at sunset 
about the beginning of Jana.tr> Early m -March it is already setting fay 
midnight i\fter being ^n^isifaieihrot ghout the night June Sinus reappears 
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Fig 9*— This Changing Heavens 

The successive positions of the sun m the heavens aurmg its annual retreat below the 
eastern horizon in the circle called the ecliptic were mapped out by the ancient priest- 
hoods m milestones corresponding to the tweKe months ot the year These mile- 
3tones> the zodiacal constellations^ were groups of stars whose nsmg and setting 
positions roughly corresponded to that of the sun at a particular season Owmg to 
the slow rotation (precession of the equmc^es) of the eqmnocnal circle about the echptic, 
the sun’s position among the fixed stars at a particular season is not the same as it 
was m ancient times> here shown When the sun occupies the posmon of Aries (1 e is 
seen m the same direcnon as Anes would be seen if visible)^ it sets and rises with the 
latter, which is therefore invisible A month later, when the sun 1 $ m Taurus, Taurus 
rises and sets with the sim and is mvisible Anes is seen rising just before sunnse 
where the sun rose a month carher When the sim was in Anes, Taurus would have 
been setting for about an hour after sunset where the sun would sink below the horizon 
a month later The constellations corresponding to the sun’s posmon durmg the 
summer months (Taurus and Virgo, Gemini and Leo, Cancer) Imd northerly nsings 
and settmgs, descnbiM large arcs and therefore remaining long above the honzon m 
the winter night sky The constellations mapping out the sun’s position m the winter 
mn rptbs CPis<^ and Scorpio, Aquarius and Sagittarius, Capncom) have southerly 
rtsjngs and settmgs, describing short axes above the honzon and being conspicuous 
during the short summer ni^ts ($c« also Figs 138 and 166 ) 
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on the eastern horizon a few minutes before sunrise on a day m July This 
happened at the time when the floodmg of the Nile brought assurance 
of food and prosperity to the Middle Kingdom The advanced state of 
astronomical knowledge m the calendar avilizations of anttqmty need not 
surprise us, when we take stock of the astronomical knowledge of hving 
peoples whose cultural development is m other respects very primitive The 
followmg extracts from Nilsson’s* monograph Primitive Time Reckoning 
(pp 109-143), are instructive 

Time-mdications from the phases of the climate and of Nature are only 
approximate they themselves, like the concrete phenomena to which they 
refer, are subject to fluctuation In general, primitive man takes no notice 

of these variations the Banyankole, for mstance, are mdiflerent as to whether 
the year is one or even three weeks longer or shorter, i e whether the ramy 
season opens so much earher or later The days are not coimted exactly, but the 
people are content with the concrete phenomenon More accurate pomts of 
reference are, however, especially desirable for an agricultural people, since, 
although the right time for sowmg can be discerned from the phenomena and 
general conditions of the climate, yet a more exact determmation of time may 
be extremely useful The possibihty of such a determmation exists — and that 
at a far more primitive stage than that of the agricultural peoples — the 
observation of the stars, and especially m the observation of the so-called 
** apparent ” or, more properly, visible nsings and settings of the fixed stars, 
the importance of which has already been explamed The observation of the 
mommg nsmg and evemng settmg is extraordinarily widespread, but other 
positions of the stars, e g at a certam distance from the horizon, are also some- 
times observed The Kiwai Papuans also compute the time of mvisibihty of a 
star When a certam star has sunk below the western horizon they wait for some 
mghts durmg which the star is ‘^inside’% then it has “made a leap,” and shows 
Itself m the east m the morning before sunrise Stellar science and 

mythology are therefore widespread among the primitive and extremely 
primitive peoples, and attam a considerable dev^opment among certam bar- 
banc peoples Although this must be conceded, some people are apt to think 
that the determination of tune from the stars belongs to a much more advanced 
stage It is frequently regarded as a very learned and very late mode of tune- 
reckomng Modern man is almost entirely without knowledge of the stars, for 
him they are the ornaments of the mght-sky, which at most call forth a vague 
emotion or are objects of a science which is considered to be very difficult 
and highly specialized, and is left to the experts It is true that the accurate 
determmation of the nsmgs and settings of the stars does demand scientific 
work, but not so the observation of the visible nsmgs and settmgs* Primitive 
man nses and goes to bed with the sim When he gets up at dawn and steps 
out of his hut, he directs his gaze to the brightening east, and notices the stars 
that are shimng just there and are soon to vanish before the light of the sun 
In the same way he observes at evening before he goes to rest what stars appear 
in the west at dusk and soon afterwards set there. Experience teaches him that 
these stars vary throughout the year, and that this variation keqps pace with 
the phases of Nature, or, more concretely expressed, he learns that the nsmgs 
and settings of certam stars coincide with certam natural phenomena 
Just as the advance of the day is discerned ficom the position of the sun, so 
the advance of the year is recognized by the position of certain stars at sunrise 
^ Acta Soc Httman* Lm* Lundmm^ 1920 * 
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and sunset Stars and. sun aliKe are u e ind’c.ators of the dial of the heavens 
A determination of this kinu nowtver^ is nut so accurate as that from heliacal 
rismgs and settings Hence me latter nass aL^nost e\clusiveh» or at least pre- 
eminently unaer consideration w Lerev er, as m Greece a calendar of the natural 
year is based upon the stars sometimes however the upper culmination is 
giv^en In order to determine tre time ut certain important natural 

phenomena it is therefore sufficient to know and observe a few stars or con- 
stellations with accuracy and certamty The Pleiades are the most important 
It has been asked why this pamcular constellationa consisting as it does of 
comparatively small and unimportant stars should have placed so great a part, 
and the answer is chiefly mat its appearance comcides i.thougn this is true ot 
other stars also) with important phases of the vegetation An account ot 

the Bushmen shows how eiwtremely primitive peoples ma\ also observe the 
rismgs of the stars> may connect them with the seasons, and — which is mdeed 
somewhat rare — ^may even worship them Canopus and Sirius appear 

m wmter, hence the cold is connected with them The Hottentots ^.on- 

nect the Pleiades with wmter These stars become visible in the middle ot 
June, that is, m the first half of the cold season, and are therefore called *‘Rime- 
stars,” smee at the time of their becoming vnsible the mghts may be already 
so cold that there is hoar-frost m the early morning The appearance of the 
Pleiades also gives to the Bushmen of the Auob district the signal for departure 
to the tsama field A tribe of Western Victoria connected certam con- 
stellations with the seasons The wmter stars are Arcturus — ^who is held 

m great respect smee he has taught the natives to find the pupae of the wood- 
ants, which are an important article of food in August and September — and 
Vega, who has taught them to find the eggs of the mallec-hen, which are also 
an important amcle of food m October The natives also know and tell stones 
of many other stars Another authonty states that they can tell firom the position 
of Arcturus or Vega above the horizon m August and October respectively 
when it IS time to collect these pupae and these eggs • . For example, when 
Canopus at dawn is only a very htde way above the eastern horizon, it is time 
to collect eggs, when the Pleiades are visible m the east a httle before sunrise, 
the time has come to visit fnends and neighbouring tnbes The Chukchee form 
out of the stars Altair and Tarared in Aquila a constellaaon named pchttun^ 
which IS beheved to be a forefather of the tnbe who, after death, ascended mto 
heaven Since this constellation begms to appear above the horizon at the time 
of the winter solstice, it is said to usher m the hght of the new year, and most 
famihes belongmg to the tnbes living by the sea brmg their sacrifices at its 
first appearing The South American Indians have mudi greater know- 

ledge of the stars, and m consequence frequently connect stellar phenomena, 
especially those of the Pleiades, with phases of Nature In north-west Brazil 
the Indians determine the tune of planting from the posiaon of certam con- 
stellations, m particular the Pleiades If these have disappeared below the 
horizon, the regular heavy rains will begm The Siusi gave an accurate account 
of the progress of the consteUations, by which they calculated the seasons, and m 
explanauon drew three diagrams m the sand No 1 had three constellations * — 
Second Crab,^* which obviously consists of the three bright stars west of 
Leo, ‘‘the Crab,” composed of the prmapal stars of Leo, and “the Youths,^* 
uo the Pleiades When these set, contmuous ram falls, the nver begms to 
nsc^, begmmng of the rainy season, planting of manioc No 2 had two con- 
stellations — “the Fishing Basket,” m Onon, and kakudztaa, the northern 
part of Bndanus, m which other tnbes see a dancing implement* When these 


B 
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set, much ram tails, the water m the river is at its highest No 3 was ‘'*the 
Great Serpent,^’ i e Scorpio When this sets there is little or no ram, the water 
IS at Its lowest The natives of Brazil are acquamted with the course of the con- 
stellations, with their height and the period and time of their appearance m, 
and disappearance from the sky, and accordmg to them di\ ide up their seasons 
In Africa also the observation of the stars, and above all the Pleiades, is 
widespread In view of the dissemination of this knowledge all over the world 
It IS makmg a qmte unnecessary exception to state that it came mto Africa 
from Egypt Moreover, this assertion does not correspond with the facts, smce 
among the Egyptians Sinus, and not the Pleiades, occupied the chief place 
The Melanesians of Banks Island and the northern New Hebndes are 
also acquamted with the Pleiades as a sign of the approach of the yam-harvest 
The inhabitants of New Bntam (Bismarck Archipelago) are gmded m ascer- 
taining the time of planting by the position of certam stars The Moanu of the 
Admiralty Islands use the stars as a guide both on land and at sea, and recognize 
the season of the monsoons by them When the Pleiades (lyasd) appear at 
mghtfall on the horizon, this is the signal for the north-west wmd to begm 
But when the Thomback (Scorpio) and the Shark (Alton) emerge as twihght 
begins, this shows that the south-east wmd is at hand When the ‘‘Fishers* 
Canoe** (Onon, three fishermen m a canoe) disappears from the horizon at 
evening, the south-east wmd sets m strongly so also when the constellation 
IS visible at morning on the horizon When it comes up at evenmg, the ramy 
season and the north-west wmd are not far off When “the Bird*’ (Cams major) 
IS m such a position that one wmg pomts to the north but the other is still 
mvisible, the time has come m which the turtles lay eggs, and many natives 
then go to the Ixis-Reys group m order to collect them The Crown is called 
the “Mosqmto-star,” smce the mosqmtoes swarm mto the houses when this 
constellation sets The two largest stars of the circle are called pitia and papat 
when this constellation becomes visible m the early morning, the time is 
favourable for catching the hsh papm The natives of the Bougamville Straits 
are acquamted with certain stars, especially the Pleiades the rising of this 
constellation is a sign that the kai-nut is npe * a ceremony takes place at this 
season On Treasury Island a grand festival is held towards the end of October, 
m order — so far as could be ascertamed — ^to celebrate the approachmg appear- 
ance of the Pleiades above the eastern horizon after sunset In Ugi, where of all 
the stars the Pleiades alone have a name, the tunes for plantmg and takmg up 
yams are determmed by this constellation In Lambutjo the year is reckoned 
accordmg to the posmon of the Pleiades When the stars mdicate this or 

that event, the primitive mmd, as so often happens, is tmable to distmgmsh 
between accompanymg phenomena and causal connexion, it follows that the 
stars are regarded as authors of the events accompanymg theu: appearance, when 
these take place without the mterference of man So m ancient Greece the ex- 
pressions (a certam star) “mdicates** or “makes** certam weather were not kept 
apart, and the stars were regarded as causes of the atmospheric phenomena 
A similar process of reasoning is not seldom fotmd among primitive peoples, 
and a few instances have already been given, such as the warmng-mcantation 
of the Bushmen against Canopus and Sinus, the name given to the Pleiades 
among the Bakongo C*the Caretakers-who-guard^-the-ram”), and the belief 
that ram comes from them, the myth of the Buahlayi tnbe that the 
Pleiades let ice foil down on to the earth m wmter and cause thimderstorms, m 
other words send the rain, and the belief of the Marshall Islanders that the 
various positions of certam stars cause stocms or good winds* 
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These extracts illustrate Lo^ familiar facts m the h\'es of food-gathenng 
and pnimti\e agiar^n commumtiea nrenare the 'v^av for a fixed calendar 
and the emergence of cul’-^re The *'eeir»^z*’n oi a caste entrusted 

with the social rest r* I ^ un ot a settled 

pgranan economy' 3 ^he beg'nnir^ ^^rtcer Onic at this 

point does the need for a i 2lx a icnt rocci d cf e% r nJ measarements 
emerge Here, aisc ve rcreatuna ir&wlf— or if prefer it — 

history at a sian^snL 1 1 CuC:\ Cu Vires oi fiC p"-c.eit cjv oi 

the time-keeping iunct^on *.f bt i- c ^ 

Xilsson sa\ s pp 3 1 * - Hu ' 

As long as the determinauon uf la r Jousted by tre pluses ot Nature 
which immediately become obticus to eversoae aLijbody ,adge of theitA, 
and should different pcoplt. ,adge d^fferuiitlp ti^ere ro standard which ti^e 
dispute can be settled be^at^e t."ie raturol pL r^n into one another or are 
at least not sharply uefned The uicarac: ir aetcrmiHw tion demxinded b\ 
mrc-reckoning proper is tl erefore lacking Acw^ac^ oecemes po«:« ble as a 
result of the observation of the usings of ^tars th. s el :tCt%at.on begins esen 

at the primitive stage, but it is not a r^atrer that wor^eem s e\en une It requires 
a refined power of obt^cr\'atlOJa «^nd a uear Kre^vJcc ge of the stars, so that the 
heavens can be known This is esreciallv tlic case warn the commonest observa- 
tions, those of the mernmg ri^ning and evening setting The observer mu^t be 
able to judge by the position of the other stais, when the star m question 
may be expected to twinkle tor a moment m the twilight before it v^amshes 
The accuracy of the tmxc-determination from the stars depends therefore upon 
the keenness of the observation In this the individual differences of men soon 
come mto play, along with a regular science which mtroduces the learner to 
the knowledge of the «itars and its uses Thus Stanbndge reports of the natives 
of Victoria that all tribes have traditions about the stars, but certam families 
have the reputation of hav mg the mo»t accurate knowledge^ one family of the 
Boonmg tnbe pndes itselt upon possessmg a wader knowledge of the stars than 
any other By the phases of the stars both occupations and seasons are 

regulated, and thus a standard is fiirmshed by which to judge, and a limit is 
set to the mdefiniteness of the phases of Nature The moon strikes the 

attention of everyone and admits of immediate and unpractised observation, 
at the most there may sometimes be some doubt for a day as to the observa- 
tion of the new moon, but the next day will set all right But because the months 
are fixed m their posmon m the natural year through association with the 
seasons, the mdefiniteness and fluctuation of the phases of Nature penetrate 
mto the months also, and are there even mcreased, for the reasons stated 
above Cause for doubt and disagreement is given, the problem of the regula- 
tion of the calendar arises Hence m the council meetmgs of the Pawnee and 
Dakota it is often hotly disputed which month it really is* So also the CajBBres 
often become confused and do not know what month it is, the nsmg of the 
Pleiades decides the question The Basuto m determining the time of sowrmg 
are not guided by the lunar reckoning, but fall back upon die phases of Nature, 
mtelligent chiefs, however, know how to correct the calendi by the summer 
solstice The differences m mtdhgence already make themselves felt at an 
early stage, and are still more plainly shown when we come to agenume regula- 
tion of the calendar* Some of the Bontoc Igorot state that the year has eight, 
others a hundred months, but among the old men who represent the wisdom 
of the people there are some who li^w and assert that it hoi thuteeix. The 
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furtiier the calendar develops, the less does it become a common possession 
Among the Indians, for example, there are special persons who keep and 
mterpret >ear-hsts illustrated with picture-wntmgs, eg the calendncally 
gifted Anko, who e\en drew up a hst of months It is very significant that even 
where a complete calendar does exist, it will be found that this is not in use 
to Its fullest extent among the people It follows that the observation 

of the calendar is a special occupation which is placed m the hands of specially 
experienced and gifted men Among the Caffires we read of speaal ‘‘astrologers ” 
Among the ICenya of Borneo the determination of the tune for sowing is so 



Fig 10 

This figure shows how the stin’s apparent track in the heavens vanes with the seasons 
The noon shadow is shortest, 1 e the noon sun is highest, on Jime 2 1st The noon 
shadow IS longest, le the noon sun is at its lowest, on December 21st At the 
equinoxes, midway between, the sun nses due east and sets due west Owmg to 
dutomcm in a fiat figure the winter noon shadow is longer than it should be Sunset 
shadow, Jtine 21st, points to where the sun rises, December 21st, and vice versa 

important that m every village the task is entrusted to a man whose sole occupa- 
tion it 18 to observe the signs He need not cultivate nee himself, for he will 
receive bis supplies ficom the other inhabitants of the village His separate 
positKm IS in part due to the fact that the determinauon of the season is effected 
by observing the height of the sun, for which special instruments are reqtuxed« 
like process is a secret, and hia advice is alwa3^ followed It is only natural that 
this indivtdual should keep seccet the traditional lore upon which his position 
depends, and thus the devdopment of the calendar puts a still wider gap 
between the business of the calendacHmaker and the common people* Behmd the 
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calendar stand m particu ar the oriests But they are the most intelligent and 
learned men ot the tribes cind moreoter the calendar is pecuharly their afTWir 
if the development has oroceeued so far that \alue is attached to the calendar 
for the selection of the proper aa\s for tne religious observances Among the 
priests there is formca a specia' class vthos^, dut> it is to make observations and 
keep the calendar in oraer Among tne Hav^onoas '‘‘astronomers (kilo^hoku^ 



hiG 1 1 — Fixing the Meridian in Ancient Times 

The method of equal altitudes was used to get the direction of the north point exactly 
The points at which this shadow just touched a circle traced on the sand around the 
shadow clock shortly before and after noon were noted, and the arc was bisected 

and pnests” are mentioned, they handed down their knowledge fcom father to 
son, but women, kilowahme^ are also found among them Hlsewhexe the nobles 
appear alongside of the priests, thus m Tahiti it is the nobles who are respon- 
sible for the calendar, m New Zealand the priests In the latter country there 
IS said to have been a regular school, which was visited by priests and chiefs 
of highest rank. Every year the assembly detetmmed the days on which the 
com must be sown and reaped, and thus its members compared their views 
upon the heavenly bodies Each course lasted fcom three to five months 
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solstices The Egyptians already recognized that this could also be done by 
making a hne at right angles to the meridian The division of the daily shadow 
path mto hour angles was a later device probably of Babyloman ongm, and 
betrays the early connexion between the art of space measurement and the 
social necessity of recordmg the passage of time The division of the equmoc- 
tial half-circle mto twelve divisions is not surpnsmg Of all mtegral sub- 
multiples of 360° the angle 15° is the smallest whole number which we can 



Fig 14 

Noon on the solsuces at lat 46° N On June 21st the sun is highest in the heavens, 
1 e nearest the zenith Its zenith distance (Zj) is least On December 21st the sun is 
lowest m the heavens — furthest from the zemth Its zemth distance (Zg) is greatest 
The angle E is the angle which the sun’s apparent annual track (echptic) makes with 
me equator (equmoctiai) of the celestial sphere On March 21st and September 23rd 
day and night are of equal length, and the sun appears to he on the celestial equator 
at noon, Note its zemth distance is then practically equivalent to the observer’s latitude 
(Compare Figs, 15 and 25 ) 


easily make by elementary methods of construction By knottmg cords at 
equal lengths we can peg out an equilateral triangle Successive bisection of 
the angles of the equilateral tnangle then gives 30® and 15® 

The phenomena of the rising and setting of stars show that the sun 
changes its position relative to the fixed stars, as if retreating eastwards 
through a complete circle m the celestial sphere To account for the changing 
height of the noonday sun and the duration of the da 3 rs and nights through- 
out the year, a second conception took shape. The sun appears to slip 
back through a track, the echptic, which is placed obhqudy with refer- 
ence to the polar tos (Figs 9, 14) By about 3,000 b c we have ample 
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evidence tJiat tie priests of Egypt had constructed simple instruments for 
measuring the angoiai direction of the stars, and were accustomed to watch 
for the moment when a stai crosses the meridian, i e the great semicircle 
which cuts the norJi horizon, the Pole Star, the zemth vertically above the 
observer, and the south horizon By notmg the direction of the sim from 
the south horizon vv^hen it crosses the meridian at noon, they were able to 
identify the sun’s annual track through a belt of twelve star clusters, called 
the Zodiac, correspondmg to me tw^elve JO-aay months of the Babyloman 

Pole. 



Fig 16 

If the stars are munensely distant the stints apparent track through the ecliptic is 
equally exphcable it we assume that the earth really moves annually round the sun 
with Its North Pole always pomtmg towards the celesuai pole and the plane of its 
equator always parallel to that ot the celestial equator m an orbit which is obhque to 
the latter (Compare Fig 14 ) 

yeat (Fig 13) The star clusters of the Zodiac are not systems of bodies 
with any known relation among themselves They are simply signposts of 
the seasons The times of nsmg and settmg of a zodiacal constellation and 
its height above the southern horizon when it crosses the meridian correspond 
fairly closely with the times of sunnse and of sunset and with the height of 
the noon sim six months earher or later (see Fig 9) The names of the Zodiac 
star clusters are Anes, Taurus, Gemini, Cancer, Leo, Virgo, Libra, Scorpio, 
Sagittarius, Capneomus, Aquarius, Pisces 
That two of these names are famihar to all of us draws attention to the 
far-reaching importance of the hypothesis which gradually developed from 
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this foundation It is tiue that all the tacts are equally mtelhgible on another 
view, if we bear in mind what we now know about the immense distance 
of the fixed stars The sun^s apparent track through the echptic js also 
exphcable if we assume that our tram is movmg and the sun*s engme is at 
rest All that w^e can see is compatible with the more sopmsticated, and for 
the present purpose less straightforv^ard, hypothesis that the earth pursues 
a slanting annual track aroimd the sim with its polar axis always at the same 
angle to the edipuc plane (Fig 15) On either view we have made a very 
big advance m our knowledge of the earth through widenmg our knowledge 
of the heavens We shall see this better when we have taken mto account 
another class of events which clarified the recogmtion that our earth itself 
IS a spherical body 

With regard to the formative influence which the calendar exerted m the 
early stages of civilization, the important pomt to grasp is that the determm- 
ation of the year as the mterval between successive summer or wmter 
solstices or alternate equmoxes demands attention to measurement Thus 
Nilsson, speakmg of contemporary communmes, sajs (pp 311-318) 

An observation of the annual course of the sun, therefoie, unlike that of 
the stars — ^which everywhere, no matter where, can be p^ormed imme- 
diately — demands a fixed place and special aids to determination It follows 
that the observation of the solstices and equmoxes belongs to a much higher 
stage of civdization than does that of the stars It is used by the Eskimos, 

who have a very highly developed sense of place, and know how to make good 
maps Moreover, where the sun m wmter stands very low on the honzon, and 
for a time altogether disappears beneath it, the conditions are very favourable 
for the observation of its return Older authors say that by the rays of the sun 
on the rocks the Eskimos can tell with tolerable accuracy when it is the shortest 
day, more recendy we have been told of the Ammasahk that they can calculate 
beforehand the time of the shortest day — and that accurately to the day — ^not 
only from the solstitial pomt, but also from the position of Altair m the mommg 
twilight They begm their sprmg when the sim rises at the same spot as Altair 
The Incas erected artificial marks There were m Cuzco sixteen towers, 
eight to the west and eight to the east, arranged m groups ot four The two 
middle ones were smaller than the others, and the distance between the towers 
was eight, ten or twenty feet The space between the httle towers through 
which the stm passed at sunrise and sunset was the pomt of the solstices In 
order to verify this the Inca chose a favourable spot from which he observed 
carefully whether the sun rose and set between the htde towers to east and 
west For the observation of the equmoxes richly ornamented pillars were set 
up m the open space before the temple of the sun When the time approached, 
the shadow of the pfllars was carefully observed The open space was circular, 
and a Ime was drawn through its centre j&rom east to west Tong experience had 
taught them where to look for the equmoctial pomt, and by the distance of the 
shadow from this pomt they judged of the approach of the equmox When 
from sunrise to sunset the shadow was to be seen on both sides of the piUar and 
not at all to the south of it, they took that day as the day of the equmox. This 
last accotmt is for Qmto, which hes just under the equator. At the sprmg 
equmox the maize was reaped and a feast was celebrated, at the autumn equmox 
the people celebrated one of their pnnapal feasts The months were calculated 
from the wmter solstice. One would suspect that this Melanesian saenoe. 
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like the knowledge of me stars, is borrowed from the Polynesians for the latter 
understood the annual course of the sun In Tahiti the place of the sunnse was 
called tataheita^ that of tne sunset topa-z-era The annual movement of tne 
sun firom the south to^aids ti'e north ua*? ^ecogn cuid so vas the lacf that 
all these points of the daily approach j.o die zenith lay* ja ' ire This meriaian 
was called fera-hzLattea^ the nortrem pcmt o" ’l ^ aac. the oppobii.e 

point above the hoiizon, or the soutn, toa Aecorn-ng tc oJiei sources the 
Decembei solstice was callea tva^maoro or tt^a'-zca tne solstice ma^pcto 
The Hawanans called the northern iuiut of tlte m me ecliptic o!rc\, 
shining road of Kane,’'' and the scuihem Ln^iu ‘ me ro.*a of 

Kanaloa ” TLc equator was naneJ " tne br-gnt rood o'' u^e spacer'" or ‘dxC 
road to the navel of WaKea/’ equivalent to ‘ me cen*-.e jre ’ I-c . 

the Polynesians came to recognize the tiopics ana me <wqu-to iS unfortura eiy 
unknown, but certainly they did it like other peoples by observing the solstices 
and equinoxes at certam landmarks Agr-tCtl^mai peoples m particiJar 

have developed various methods of tins Hnu Tne iice-cmtis''ating peoples or 
the East Indies use various methods m order to determuie the unportant 
time of sowmg Of the observanon of the stars we nat e already spoken Among 
the Kayen of Sarawak an old priest determmes me oSicial time of sotvmg from 
the position of the sun by erectmg at the side of the house two oolong stones, 
one larger and one smaller, and then observxUg Jie moment when me sun, m 
the lengthening of the Ime of connexion between mese two stones, sets behmd 
the opposite hill The sowing-day is the only one determmed by astronomical 
methods In other respects the time-reckonmg is a more or less arbitrary one, 
and is dependent on the agriculture Of die hollows m a block of stone at Batu 
Sala, m the nver-bed of the upper Mahakam, it is said that they ongmated m 
the fact that the priestesses of the neighbourmg tribes used formerly to sit 
on the stone every year m order to observe when the sim would set behind a 
certam peak of the opposite mountam This date then deaded the time for the 
beginnmg of the sowing The Kenyah observe the position of the sun 

Their mstniment is a straight cylindrical pole of hardwood, fixed vertically 
m the ground and carefully adjusted with the aid of plumb-lines, the possi- 
bihty of Its sinkmg deeper mto the earth is prevented The pole is a httle 
longer t ha n the outstretched arms of its maker and stands on a cleared space 
by the house, surrounded by a strong fence The observer has further a flat 
stick on which lengths measured from his body are marked off by notches 
The other side has a larger number of notches, of which one marks the greatest 
length of the midday shadow, the neact one its length three days after it has 
begun to shorten, and so on The shadow is measured every midday As it 
grows shorter after reachmg its maximal length the man observes it with speaal 
care, and annoimces to the village that the time for preparmg the land is near 
at hand In Bah and Java the seasons are determined by the aid of a gnomon 
of rude construction, having a dial divided mto twelve parts 


THE LOCAL EVENTS 

In the pnestly calendar lore, magic and gemune science were mextncably 
entargled The soaal necessity of measurmg time anses from the seasond 
fertility of man’s biological allies, and the earhest explanations of the celestial 
events were frequently mixed up with man’s preoccupation concerning his 
own ferdhty What are sometimes offered as nval explanations of early 
practices are really different ways of saying the same thing The phallic 
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tension of waking and the monthly cycle of a woman^s life were closely 
associated with snnnse and lunar phenomena m the thought of primitive 
man To say that an obehsk is a simdial^ and to say that it is a phalhc symbol 
mvolves no contradiction Fertihty and timekeepmg were very closely con- 
nected m the same social context Man had to be disciplined into the recog- 
mtion that his own world is not the centre of the astronomical umveise He 
had to outgrow the behef that his own person is a sufficient model of natural 
processes m chemistry and biology In psychology and social science he has 



Fig 16 

Diagram to illustrate the slow retrograde motion of the moon^s nodes Two positions 
of the moon’s orbit are shown, AB and CD, the latter position occumng about 4 or 5 
years after the fonner Echpses take place when, as at node C (solar) or D (lunar), the 
place where the moon’s orbit crosses the plane of the earth’s orbit is in hne with the 
earth and the sun, provided, of course, that the moon is also at the node (The tilt of 
the moon’s orbit m relation to the echptic is here much exaggerated ) 

Still to learn that mdividual preference is not a safe guide to the understandmg 
of social behaviour 

As haison officers to the celestial bemgs> the priests foimd it paid to en- 
courage the behef that nature can be bought oflF with bribes hke a big chief 
One of their most powerful weapons was their abihty to forecast echpses 
(Figs 17 and 18) Echpses were mdisputable signs of divme disapproval, 
and divine disapproval provided a cogent justification for raising the divme 
mcome tax No pracdc^ utihty other than the advancement of the pnestly 
prestige and the wealth of the priesthood can account for the astonishingly 
painstaking attention paid to these phenomena The moon’s track hes very 
close to the echptic. If it moved exactly in the plane of the echptic, there 
would be a central echpse of the sun every new moon, and a total eclipse of the 
moon evezy month, at the full Careful naeasuxement shows that its orbit is 




seen as 
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inclined about 5° to the echptic (i e to the plane of the earth’s orbit, as we 
now say) So the moon’s path round the earth only cuts the earth’s path 
round ^e sun (or the sun’s apparent tradt round the earth) at two pomts 
called nodes (see p 103), and an echpse can only take place if the moon is at, 
oi very near to, a node when the two nodes are m hne with the sun and the 
earth Relative to the fixed stars, the direction of the hne which joins the 
nodes rotates slowly The sun passes a particular node every 346 62 days 
This IS less than a year because the nodes are moving fi»m east to west, 
and meet the sun b^ore it completes its yearly circmt So if earth, moon, 
nodes, and sun are m Ime at any tune, they will be m hne once more about 
eighteen years* later More precisely this period is 18 years llj dajre If 
an echpse occurs on a particular date another one will occur at the same 
place 18 years ll| days later. This cycle is still called the Saros, which 
IS the name given to it by the Chaldean pnests It did not help people 
to arrange their meal-tunes and mght journeys, to prepare for the lambmg 
season, or to sow then crops. For the art of tune reckoning the Saros had 
no particular use Its discovery was prompted by a combination of super- 
stition and racketeermg Once made, it served to direct attrition to two 
of the basic prmciples of saentific geography Observation of echpses m 
different places showed that solar tune is local (see p 78), and confirmed 
the behef that the earth is a sphencal object ^ig 18, b) The fiict that 
lunar echpses occur when the moon is practu^y m the echptic plane 
shows that the circular edge of the shadow on its face is the shadow of 
the earth itsdf 

As soon as trade mtercourse b^an, many other &cts helped the growth 
of this behef When ships appeared m the Mediterranean, maritime people 
became accustomed to the sight of the mast sinkmg last below the horizon, 
or the mountam rising first as land was sighted (Fig 19) Uitde later than 
2000 BC. Seimtic traders were pushing north beyond the Mediterranean 
towards the Tm Isles, bnngmg back tales of the long summer days and the 
long wmter nights of the northern regions They told, too, how the aspect 
of the mght sky changed Stars low on the northern horizon became hi^er 
m the heavens as ships sailed mto the northern seas A fact most fatal to a 
flat earth view was that southern constellations disappeared entirely (Fig 20) 
from view. To be sure, the behef that the earth is truly sphencal (or nearly 
so) could only be settled by showmg that a degree of laumde is the same 
distance if measured an3rwhere along any mend^n of longitude, and a 
degree of longitude m the same latitude is always of the same length. We 
sh^ come to that later Here it suffices to remark that the behef m the 
sphendty of the earth is of very great antiqmiy, and that there were a number 
of good reasons to support it. 

lOrevoluaous of the line of nodes relative to the sun take 340 62 x 10 = 6585 78 
days. 223 lunar months 6585 32 days. So that after 18 years 11^ days the hne of 
node will have iierlbnned 19 revoluuons relative to the sun and the moon will have 
performed 223 revolutions almost exactly Hence the sun and the moon will occupy 
the same posmon relative to the nodes at the end of this penod as at the beginnmg 
How the position of the moon’s node m any particular month is found is ex- 
plamed on p 103 The rate of rotation is found by repeated observations of the some 
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FIRST STEPS TOWAJtDS A ^\0£LiJD 

The construction of the c-ilendor t?ugnf marLiand ma^y lessons whicn 
were only fully assimJaiec. t//nen 210T ume crade Qe\ eloped The phenomena 
on which we base the oeasi. ..wment oi oui iimts of time can 

only be explained if the spLericai c&t h .^cs c t"er\ ccSn^ie orientation ^^ith 

respect to the celesttal spireoic To ocgn ^ atrc. r.y diu.wn the 

conclusion that dieie is one spot — me Norm Poie — rh^ch l:e& directly 
below the celestial pole or Pole £^r Tne plane of tre ecnpi^c must cross 
the world at upper and lower LithlS deSnen V/ t.’'c .re sin vil! 

<, d ^ 



Fig 10 — ^The Tangent of the Horizon XnNE 

be at Its zemth (1 e exacdy overhead) on the summer and wmter solsuces 
respectively (Fig 14). These are the tropics Withm the tropical belt the 
direction of the sun^s noon shadow will change twice m the course of the 
year, a fact which could be observed m the southernmost parts of Egypt At 
the equinoxes the sun occupies the apparent position where the echptic cuts 
the celestial plane at nght angles to the axis of the celestial sphere This 
plane, the celestial equator, cuts the earth at a belt, where day and night are 
always equal and the sun is at its zemth on the equinoxes Finally, the axis 
at right angles to the ediptic through the earth’s centre must trace out a belt 
north of which the sun never sets at midsummer Men were be ginnin g to 
grasp these truths firmly lox^ before they had first-hand experience of 
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tbftn In t±ie fouith century b c the Greek materialist Bion taught the doctrme 
of the midmght sun m the Arctic Circle, which no ships had yet penetrated 
The accuracy with which the Egyptian priests determined the length of 
the year, as well as the orientation of their temple sites, bear witness to 
something more than the recogmtion of an orderly sequence of events in the 
day and mght sky At an early date they had already begun to recogmze certam 
metrical uniformities Simple devices for measurmg the angular beanngs 
of a star are dated as early as 3000 b c The local beanngs of a heavenly body 



Fig 20 — ^Appearance of the Night Sky in Different Latitudes 
The sun is over the equator and the time of the year is supposed to be the autumn 
equmox At latitude 30° star A will be visible throughout me night m autumn and 
mvisible at midmght m sprmg At latitude 60° it will be seen crossmg the meridian 
above the pole just south of the zemth at midmght m autumn, and will be visible 
throu^out the sprmg night below the pole, makmg its lower culmination at mid- 
mgfar on the sprmg equmox Star B will be visible at laniude 30° throughout part of 


at any hour can be fixed by two angles One is its altitude (angular height 
above the honzon), or its complement called the zenith distance (Figs 3, 21, 
and 114) The other bearmg is its angular distance east or west of a ^ed 
pomt on fhe honzon. Measured fi:om the north pomt eastwards it is called 
the azimuth For measuring altitude (or ZD) and azimuth a simple 
instrumoit essentially like the sort of astrolabes or quadrants used m ancient 
tunes can easily be made from a lai^ protractor &r bladtboard use, as m 
Figs. 22 and 115 

In taking the beanngs of the stars m the night sky the two important 
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principles which underlie the system of earth measurement by latitude and 
longitude were established long before the first stai maps^ described m the 
next chapter, were constructed The fixst of these is implicit m the primitive 
art of telhng the tune hy the stars At a \ er}' early date the priestly custodians 
of the calendar were famihai with the use of simple mechanical devices for 
measurmg short intervals of ame In pimciple they were analogous to the 
sand-glass which used to be sola to time the boiling of an egg They could 
record the moment when some star ciossed she meridian (i e when its 



Fig. 20 — Contd 

the night during autumni crossing the meridian towards the southern margm of the 
horizon at midnight on the equmox It will be mvisible m the sprmg night At latitude 
60® It will never be visible, smee its upper transit hes below the horizon plane For 
the reasons explamed on p 68, with the aid of Figs 29 and 30, the effective horizon 
may be drawn through the earth’s centre parallel to the tangent of the horizon plane 
at me earth’s surface The part of the celestial sphere below the horizon is shaded 

azimuth is 0*^ or 180®) and the mterval which elapsed before another star 
crossed it by measurmg the outflow of sand or water from a vessel Hence 
they knew that the interval is constant for any two stars chosen 

The stars appear to revolve uniformly aroimd the pole, and their relative 
positions can be represented on semicircles radiating firom the latter (see 
Fig 48). The time which has elapsed since a star crossed the meridian can be 
measured by the angle through which its own celestial semicircle has rotated 
Smee the whole dome of heaven appears to rotate through 360® m 24 hours, 
an angle of 15®, i.e. 360® — 24, between the celestial sennordlesi on which two 
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stars he is equivalent to a diflference of an hour in their times of transit over 
the meridian In the accompany mg figure (Fig 23) the star a m Cassiopeia 
(A) IS roughly 30° from the furthermost of the five bright stais m the same 
constellation So it takes about two hours for Cassiopeia to cross the meridian 
The fiirtheimost bnght star (C) m the tail of the Great Bear is roughly 
210° from a Cassiopeiae The difference m hour angles is 210 — 15 or 14 
hours That is to say, the tail star of Ursa Major crosses the meridian at its 



Fig 21 

The duecuon of a celestial body can be fixed by two angles, the angle it makes with 
the honzon or the vemcal (altitude or zemth distance) and the angle it makes with 
the meridian (azimuth) 

“upper culmination,” roughly 14 hours after a Cassiopeiae. The hour angle 
differences of the stars give us an orderly picture of their appearance and 
disappearance on the honzon. The bnght star Betdgeuse m the constellation 
of Qnon is separated by an hour angle of nearly 6 hours from a Cassiopeiae. 
So when Cassiopeia is at its upper culmination, Betdgeuse will be rising 
almost exactly due east of the pole See also Figs. 47, 48, and 49. 

Lodger (Stonehet^e and other Monuments) t^roduces a figure lUustratmg 
a “mght did” used m fiamrteenth-century England to tell the time at mght 
by watdiing the rotation of the two stars (pomters) of the Great Bear in 
line with the Pole Star. It is essentially a movable arm which rotates on 
a did, the centre of which is perforated (see Fig. 147, Chapter V). To use 
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It, you would look at the Pole Star thiough this hole, move the dial m line 
with the pointers, and read off the time on the dial which could be cali- 
brated like a plamsphere (p 91) for each day in the year Hooke (New 
Yeof^s Day) states Jiat pictorial representauons of crude mght dials based 
on essentially the same prmciple come from ancient Eg 3 rpt The exactitude 
with which the priests of these eaily civilizations endeav omea to determine 



Fig 22 

A simple theodolite oi astrolabe for measurmg the angle a star (or any other object) 
makes with the hoii^on (altitude) or the vertical (zemth distance) can be made by 
fixmg a piece of metal tube exactly parallel to the base Ime of a blackboaid protractor, 
which you can buy fiom any educational dealer To the centte pomt of the protractor 
fix a cord with a heavy weight (e g a lump of type metal which any compositor will 
give you free if you ask him mcely) to act as plumb line The division opposite the 
cord when the object is sighted is its zemth distance (Z), and the altitude (h) is 90®— Z. 
If you mount this to move freely on an upnght wooden support which revolves freely 
on a base with a circular scale (made by screwmg two protractors on to it) and fix a 
pomter m Ime with the tube, you can measure the azimuth (az) or bearmg of a star 
or other object (e g the settmg sun) from the north-south meridian To do this fix 
the scale so that it reads 0® when the sighter is pomted to the noon sun or the Pole 
Star This was a type of mstrument used to find lautude and longitude m the time of 
the Great Navigations You can use it to find the latitude and longitude of your house, 
or to make an ordnance survey of your neighbourhood 

the occurrence of celestial signals is illustrated by a Babylonian text which 
belongs to the time of Hammurabi In it the hehacal nsings of three con- 
stellations are given by wetght (4 minas and 2 mmas) corresponding to the 
Outflow of water from a simple water clock or clepsydra analogous to the 
sandg^lass. 

The construction of the Great Pyramid shows that the Egyptians made 
exact measurements of the posiuon of the stars at transit as well as when 
rising or settmg* Such observations entail the recogmtion of a second 
uniformity of measurement This also was a very early discovery. When it 
crosses the meridian, the altitude of any star (or its Z D ) is always the same 
at a particular place. Smee the pole is fixed, we may also represent the 
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position of a star m the heavens by the cMference between its mendian 
altitude* (or Z D ) and the altitude (or Z D ) of the Pole Star This difference 
IS now called the No^th Polat Distance^ and its complement is now called 
the declination of the star Thus 

North Polar Distance = meridian altitude of star altitude of Pole 
or North Polar Distance = Z D of Pole — Z D of star 
Decimation = 90° — N P D 

Decimation is thus the elevation of a heavenly body above the celestial 
equator, and is of course negative m the case of bodies which transit south 
of the celestial equator (Fig 24) 



Showing how the relative positions of the stars may be represented by the time 
mterval between their transits over the meridian The star A m Cassiopeia is almost 
directly above the pole, i e its hour angle is zero (= XXIV) The star C m the Dipper 
crossed the meiidian ten hours earher, i e its hour angle is X 

Note — Smce the celestial sphere rotates once m 24 hours the tune which will 
elapse before a star crosses the mendian is the difterence between 24 and its hour 
angle Thus B m Cassiopeia will transit above the pole m 2 hours and its hour angle 
IS + 22 or — 2 The hour angle of C m the Dipper is + 10 or — 14 

The full significance of these facts did not clearly emerge imtil the study 
of the heavens received a new impetus m the great centres of Mediterranean 
shippmg As travel developed, the pnestly lore of the calendar became the 
possession of Semitic tradmg peoples, who transmitted their knowledge to 
the Greek world When astronomy ceased to be local and began to be 
mtemational, observations made at diJBEerent places could be compared The 
result of this was another important discovery Although the mendian 
altitudes vary from place to place, the N P D of a star, like the difference 
m hour angle between any two stars, is the same everywhere (Fig 24)* Thus 
the position of the star m the heavens can be fixed for any observer by two 
coordinates — ^its hour angle difference referred to any one star and its N.P.D* 
(or declination)* These two data are all that is required for constructmg a 

* Altitude, for this purpose, must be reckoned from the north pomt of the horizon 
Zemth distances south of the zenith are redkoned as negative* 
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star map or plamsphere From the star map xt vtas a very short step to the 
first world maps of latitude and longitude The Alexandrian maps opened 
up vistas of unexplored texTitor^^ waitmg for tne ships of Columbus, 
Amengo Vespucci^ and Magellai 






Fig 24 

The highest altitude of a star vanes from place to place, but the difference between 
the highest altitudes of any two visible stars, i e the difference between their altitudes 
at mendian transit, is the same at all places (The two stars chosen are Aldebaran 
and Sinus They are drawn as if they crossed the celestial mendian at the same time 
In reality Sinus transits about two hours later than Aldebaran ) 

One class of measurements of great antiqmty arose m connexion with the 
fixing of the year firom the summer solstices This was the determmation of 
the ‘‘obliquity of the ecliptic^” 1 e the angle which the sun’s track in the 
zodiacal belt makes with the celestial equator Chinese astronomers are said 
to have calculated the value correct withm a quarter of a degree by as early 
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SvxL*s zeniih, dbstajnc^ 3uxi\5 z^znudv distance^ 5un’5 '^enith dista^iaz 
-L^ct '-^OhUqvudy of ^Lafduds —L^d: + C^liqudY 

EcUphc of EchptLC 


Fig 26 — ^Egyptian Measurement of the Obliquity or the Ecliptic from thi 

Sun’s Noon Shadow 

At noon the sun is highest The pole, the earth’s centre, the observer, and the sun, 
are all m the same plane (or flat surface) On the equinoxes (Alarch 21st and Sep- 
tember 23rd) the sun’s zemth distance at noon is the observer’s latitude (30® at 
Memphis) If the obhqmty of the echptic is E 

T 4- E == sun’s zenith distance on winter solstice (December 21st) 

L — E = sun’s zemth distance on summer solsuce (June 2 1st) 

So the obhqmty of the ecliptic is 

i (sun’s z d* on December 21st — sun’s z d on June 21st) 

as 1000 B.Cm The Egyptians and Babylonians almost certainly had an equally 
accurate estimate at a much earher date The accuracy of these early estimates 
was achieved by the large scale of the instruments used> and gives us some 
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insight into the appaiently pretentious dimensions of the great calendar 
monuments T\\o obehsk measuiements repeated over several years suffice 
(see Fig 25) to give a veiy good mean value for the oohquitv of the cchptic 
Unwittmgly, as you will see from the same figure, those wlio^first made these 
measurements also encounteied another quant-tj^ If Z ^ is the sun’s zenith 
distance on the wmter solst-ce and Z<. is the sun’s zemtii distance on the 
summer solstice 

i(Z,, + Z«; = L 

To them the quantity L was nothing more than tne zeniwi" distance » Fig 2<^» ; 
of the noon son on the eqtuno^es^ hence a direct way of finng the ame of 







Fig. 26 — ^Latitude from Sun’s z d at Noon on the Equinoxes 

On March 21st and September 23rd day and night are of equal length throughout the 
world So the sun hes above the equator At noon the sun always hes over the line 
)Oimng the north and south points of the horizon, 1 e the observer’s meridian of 
longitude So the sun, the poles, observer, zemth, and earth centre are all m the same 
flat slab (or “plane”) of space Since the edges of a sunbeam are parallel, the sun’s 
z d at noon on the equmoxes is the observer’s lautude 

a fertihty festival which has persisted m the Lent observances of contemporary 
mythology To us it is a fundamental physical constant It is numerically 
equivalent to what we now call the latitude of the observer You can find the 
latitude of your house withm a quarter of a degree by observing the sim’s 
altitude at noon on March 21st or September 23rd There will be a shght 
error m all ^ch calculations if you only make the observation on one occasion, 
because it will tardy happen that the exact moment at which the sim is 
above the equator also be exactly noon at the place where you hve 
The very precise measurements of the anaents represented the average of 
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many observations made repeatedly The echptic angle which defines the 
lantude of the tropical belts is between 23° and 24° At London (latitude 
51° N) the sun’s zemth distance at midsummer is 51° — 23|° = 27 and 
at midwmter 51° + 23^° = 74 J° The sun’s altitude at noon is 62]° 
(90° — 27]-°) on June 21st The midwmter noon sun is only 15]° (90 — 74]°) 
above the horizon The Arctic Circle which defines the limit of the midmght 
sun on the summer solstice is at latitude 90° — 23]° == 66]° N 


“Poh^ Shaz*^ 



The altitude (horizon angle) of the Pole Star is the observer’s latitude^ botli being 
equivalent to 90® — z d of Pole Star 

In making observations on the elevation of celestial bodies it is probable 
that the calendar-makers of the early Mediterranean civilizations had dis- 
covered another fact of great geographical importance On the equmoxes 
the sun’s zemth distance is the same as the mean mghtly altitude of the 
Pole Star TTiis was actually the star a m the constellation Draco at the 
time when the Great Pyramid was built The meaning of this is easy to see. 
On the equmoxes the sun is m the plane of the celestial equator* The direc- 
tion of the Pole Star is at right angles to the celestial equator You will 
therefore see (Fig 27) that the elevation of the Pole Star above the horizon 
IS the same as what we now call the latitude of the observer. In the northern 
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hemisphere all you have to do to find the latitude of your house is to take 
the horizon angle of the Pole Star v ith a home-made mstrument like the one 
in Fig 22 You should not make an error of more than 1° This tells you 
your distance from the equator or North Pole vnthm 70 miles 

Certam geometric prmciples underlie all these ea^H measurements^ and 
play an important part m the later developments of the Alexandrian astron- 
omy Expressed m modem language, the first is that light rays from the 
heavenly bodies are parallel At first sight this might seem a darmg assump- 
tion The fact is that the straignt parallel edges of a beam of light were not 
laboratory cunos to the first mviiized men In an age \vhen there was no 
glass, and dust abounded, windows were high narrow sLts to exclude wind 
and ram The sharp straight edge of a shaft of bright light piercing a narrow 





onfice along a path of scmtiUatmg dust was one of the commonest facts of 
everyday life m ancient times All the phenomena of shadow reckomng for 
timekeepmg and architectural construction sustamed the same behef 

Then there was the prmaple of tangency demonstrated by the shadow 
cast by curved vessels One of the earhest geometrical pnnciples used m 
astronomy was that the Ime joimng the zemth to the observer must pass 
through the earth’s centre, if produced far enough This follows from the 
elementary principle that the line joinmg the centre of a circle to the pomt 
where the tangent grazes the boundary is at right angles to it Smee the edges 
of the beam of light are straight, the observer’s horizon plane is tangential to 
the earth’s curved fece The zemth axis is the direction of the plumbhne 
The lines joining the zemth and the earth’s centre to the observer both make 
right an^es with his horizon plane, and are therefore coUmear The pole, 
the zemth, and observer are all m the same plane, which we have called the 
mendian* The earth’s centre is m this plane, and so is the earth’s axis, i e 
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the hne joining the pole to the earth’s centre This means that we can make 
flat diagrams of the relauons between an observer, a star, and the earth’s 
centre, traced on sand or drawn on paper, provided that everything (Fig 41) 
drawn is in the meridian plane at the same time The direction of a star is 
given by the angle it makes with the plane of the equator at the earth’s centre 
As you wiU see from Figs 28 and 31, this is the same as its decimation, and 
explains why the N P D (hence also decimation) is mdependent of the 
observer’s locahty. 

Another simple geometrical prmaple which was imphcit m the earhest 
attempts to diagrammatize the experiences which we have dealt with, is worth 
mentiomng, because there is an mescapable distortion m any chagram like 
those m Fig 20 The light beams of heavenly objects appear to be parallel 



Fro 29 

If the size of the earth is very small compared with the distance of the stars, the 
observer’s horizon practically comcides with a plane through the earth’s centre paiallel 
to the actual plane of the horizon. In other words, we see practically half the celestial 
sphere at any moment 

because they are very far away. This means that the celestial sphere is 
immense compared with the earth. For practical puiposes the observer’s 
north-south horizon hne can be replaced by a parcel hne m the meridian 
plane drawn through the centre of the earth as m Figs 29-30. So we actually 
see half the celestial sphere, and the east and west pomts of the horizon are 
m the same plane as ^e equator. 

Such conceptions did not grow out of a preconceived s)yst^ of logic 
It would be more correct to say that geometry grew out of them. Geometry 
was largely the ofl&pnng of astronomy and its sister craft of azcbitectuie m 
the calen^ avdizatiom of the Mediterranean world. Admiration inspired 
by Gre^ hterature has fiistered a legend which associates Greek metaphysics 
with real or suppositious achievements of the Greeks in other domains. 
Although Euchd takes us through twelve books before he arrives at the 
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Fig 30 

For the reason evplamea m Fig 29 the equinoctial or celestial equutoi cuts the 
hoiizon plane due east and due west 


u 



Fig 31 

The direction of a star as seen from the earth is evetywhexc the same as measured by 
the angle between it and the celestial pole, i e the difference (N F D ) between its 
z d. (or altitude) and^that of the pole when it crosses the meridian The N P D* is the 
complement of the angle (decUnatton) which the star beam makes with the plane of 
the equator as it passes over the observer’s mendian The decimation is equivalent 
to the star’s mendian zemth distance (E) as seen by an observer at the equator 

N P D == star’s zemth distance at North Pole^ 

Dec! « star’s zemth distance (B) at equator 
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area of the circle and sphere^ the Egyptians already possessed correct 
formulae for the volume of a pyramid and the area of a sphere by about 
1500 B c (Moscow pap5nrus) The Rhind papyrus gives a value of tt equiva- 
lent to 3 16 in our notation, or less than 1 per cent out Only gross over- 
valuation of the contents of books accounts for failure to appreaate the 
mtellectual equipment of people who made the angles of the Great Pyramid 
with a precision equivalent to 0 06 of a degree 


THE MODERN CALENDAR 


The pubhcation of mternational radio programmes remmds us that our 
own civiliEation makes much more exactmg demands on the precision of 
calendncal practice than did the seasonal practices of a primitive agranan 
economy To a large extent the elaboration of the pnnaples mvolved m 
modem time-keepmg has arisen from the needs of navigation and, m 
particular, from the problem of determining longitude with accuracy at sea 
Hence the theoretical explanation of present-day practice must be deferred 
to another context, where the reader may meet it at a later stage m our 
narrative The remamder of this chapter will be devoted to a brief survey 
of the evolution of timekeeping m histone times 

There is no absolute measure of time In the last resort all our mechamcal 
mstruments are checked against the same standard — the mteirval between 
two mendian transits of the same celestial body To put the matter in another 
way, the possibdity of measurmg time m shorter mtervals rests solely on the 
fact that we are able to constract devices hke hour-glasses which empty 
themselves, or pendulums which swing, a constant number of times between 
the appearance and re-appearance of the same star on the mendian This 
fund^ental umt is called the stdereai day. Its mechamcal division mto 
24 hours of 60 mmutes and 3,600 seconds constitutes the actual system of 
tune used m observatories m contradistmction to the system of tune used 
m avil life 

The apparent posmon of the sun m the echptic, when it is crossmg the 
celestial equator at some time on the March eqmnox, is taken as the ongm 
of reference m reckoning sidereal time Sidereal tune begms when ^e 
pomt where the celestial equator mtersects the echptic crosses the mendian 
This pomt of mtersecuon, which is the Greenwidi of the celestial sphere, 
is called the Ftrst Point of Artes^ and is usually denoted by the anaent 
zodiacal sign for the ram (T). We shall see later (p 96) how to find exactly 
where it is. From what has been said on page 60, you will see that the 
difference of hour angle between any star B and a star A on the celestial 
semicucle traced through from pole to pole (see Figs 23 and 49) is the 
stdereai time at which the star B appears on the mendian. The star a m 
Cassiopeia is very dose to the hour arde of T", and smee the sun is always 
less than a degree from ^ at noon on the vernal equinox, noon March 2l$t 


( 24 X 60 \ 

“ — 860 — J ^ sidereal dock. So 

the hour angle which separates a star from the first point of Anes is approxi- 
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mately the time which elapses between its meridian transit and that of a 
Cassiopeiae 

Although the sidereal day is tne basxc system of umts and the one used 
m observatories, it is not suitable for everjday use For eveiyday use the 
number assigned to an hour must correspond v^ith our workmg, feedmg, 
and sleepmg habits Everyday life was regulated b 3 ’ the solar day when 
sundials were used The time of the day when the noon sun crosses 
the meridian, halfway between sunset and sunrise, always registers twelve 
o’clock on the simdial Hour glasses oi clocks, checked by the meridian 
transit of stars, register any numbei from 0 to 24 sidereal hours at solar 
noons between one vernal equmo\ and another This is because the solar 
day IS longer t h a n the sidereal day The sun, as we ha\e seen^ is contmually 
shppmg backwards m the echptic In a year it gets back to where it was 
before It has therefore receded 3G0°, which is the angle through which the 
stars rotate m one sidereal day Thus the shadow clock loses one day per 
year In an average day it loses 

24 X 60 ^ 

— = 4 minutes (approximately) 

The day after the vernal equmox solar noon would register 0 hour 4 mmutes 
mstead of 0 hour on the sidereal clock Fifteen days rfter the \emal equinox 
noon would be 1 hour by the observatory clock At the end of three months, 

1 e on Jtme 21st, noon would occur at 6 o’clock by sidereal time 

The meridian transit of the sun gives us a solar day^ which is approximately 
4 mmutes longer than the sidered day Unfortunately the exact length of 
the solar day is not constant A clock or hour glass which always registers 
the same number of sidereal hours and mmutes between successive transits 
of the same fixed star does not register exactly the same number of mmutes 
from noon to noon on different da 3 rs of the year The social mconvemence 
of this fact is what forces us to t^e the sidereal day as the fundamental 
umt to which everythmg else is referred If we agree to regard the diurnal 
rotation of the fixed stars as our best possible approximation to an absolute 
standard, the relative irregularity of the solar day can be explamed as the 
result of several circumstances of which the two most important wdl be 
explamed m Chapter IV They are the obliquity of the ecliptic^ and the form of 
the eartVs orbit 

Owmg to the obhqmty of the echptic the sun’s apparent annual motion is 
not m the same plane as its apparent diurnal rotation with the fixed stars 
When It IS ^‘m Cancer” or “m Capncom” it appears to be movmg backwards 
m the ediptic m a direction (Fig 9) practically parallel to its apparent diurnal 
motion In Anes or Libra its apparent path is very obhque So even if the sun’s 
apparent motion m the echptic were perfectly regular — or, as we now say, even 
if the eaith moved m its orbit at a uniform speed — ^the shadow dock would not 
lose time at exactly the same rate throughout the seasons Later we shall find 
that the angular velocity of the earth’s orbital motion is not constant Another 
fact, which did not emerge till it was possible to give a satisfactory account of 
the motions of the planets, is that the sim’s apparent path is not exactly cir- 
cular, though nearly so According to what we now know (Chapter IV) the 
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earth moves m a nearly circular elhpse, and the sun is not exactly at its centre 
Even if It moved with constant speed m its tracks it would not move m equal 
periods through exactly the same angular distance from the sun What is 
constant is its “areal velocity,” as Kepler discovered 

In antiquity there was no correspondence between short mtervals of 
astronomical and civil time The civU day was reckoned from noon to noon 
by the shadow clock, and when weight-dnven and spring clocks began to 
be used m mediaeval tunes they were contmually corrected by reference to 
the sundial The use of the solar day as a unit was abandoned when the 
determmation of longitude at sea emerged m the practice of navigation 
Solar time is local That is to say, noon does not occur simultaneously at 
places on different mendians of longitude, and the determmation of longitude 
in the daytime is made possible by this faa (see p 78) To do this we need 
to know when it is noon at some standard meridian (that of Greenwich is 
generally accepted) This would be simple enough if an accurate dock set 
by Greenwich tune would always record noon when noon occurs at Green- 
wich Smee the solar day is not a fixed number of pendulum swmgs or 
hair-spnng oscillations, the umt of tune taken is the mean length of the solar 
day throughout the year On any particular day noon by mean time is a 
few mmutes (never more than 18) before or after true solar noon The differ- 
ence can be estimated by direct observation It is tabulated m almanacs, 
bemg generally (though mappropnately) called the Equation of Tune The 
accompanymg graph shows how it vanes throughout the year (Fig 32) 
It can be used to find sxmdial tune at Greenwich if we have a reliable clock 
set to Greenwich mean time, and hence to compare simdial tune at Greenwich 
with sundial tune at any place to which the dock is taken Likewise it can 
be used to set the dock to mean tune by the simdial 

Applymg the equation of tune may be illustrated by reference to a dis- 
crepancy which sometimes puzzles people when they consult almanacs 
Tunes of sunset and sunnse are always given m mean tune to meet the 
reqmrements of mechamcal docks On this account the lengths of mormng 
and afternoon may differ by as much as half an hour, or a httle more On 
September 23, 1935, Whitaker gives the tunes of sunnse as 5 48 a m and 
simset as 17 67 (i e. 5 57 p m ) This would make mommg reckoned from 
mean noon 12 — 5 48 = 6 hours 12 mmutes, and afternoon 17*57 — 12 00 

— 5 hours 57 mmutes, i e 15 mmutes shorter than the mommg On the 
same day under “equation of tune” we read “subtract from apparent tune” 
(i e simdial tune) “7 mmutes 22 seconds ” To the nearest half-mmute 
therefore the mean time at true solar noon (which divides the day equally) 
was 11 hours 52J mmutes a m This makes the tunes of mommg (11 hours 
52J mmutes — 5 hours 48 mmutes) and afternoon (17 hours 57 mmutes 

— 11 hours 52^ mmutes) both the same, bemg 6 hours 4J mmutes on that 
day* For the convemence of mechanized transport docks are r^ulated to keqp 
mean tune for some standard locahty like Greenwidb or Parts This avoids 
recourse to elaborate anthmeucal corrections for differences of local time^ 
when tune-tables are revised So sundial tune may differ considerably from 
the tune of a dock set by radio signal, when the correction for longitude and 
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the equation of time are cumoiative Owing to the statutor%^ mtroduction 
of Soininer Time m England an interval of aboi^t an hour and a half may 
separate tne noon radio signal from simdial noon ir Comw^ali 

The problem of choosmg a sociciij' convenient umt for shor^ periods of 
time only became important vdien ci\j.u2atAon spieau the comparati\ ely 

sunless northern hemisphere and portable mewharucal docls replaced the 
sundial A much earlier dilemma arose m accommocaLng astronomical 
observations to social convenience vnen fiurg the lengln cf the jeai For 
civil use a year must consist of a r ncle of ca3 s Dv lefined astro- 





Fig 32 — ^Tiie Equation of Tmi: 

The Equation of Time is the misnomer for the number of minutes which, on any 
particular day of the year, must be added to true solar time (“apparent” time) to give 
mean time, or, conversely subtracted from mean tune to give sundial time It has 
four seasonal phases The first extends from December 25th to April 16th, with 
Its maximum about February 12th, when it reaches 14 minutes 23 seconds Durmg 
this period the equation of time is positive Thus sundial noon at Greenwich on 
February 12th occurs at 12 hours 14 mmutes 23 seconds GMT In the next phase 
from April 16th to June 15th, it is negative The maximum is 3 mmutes 47 seconds 
about May 16th Thus on that date sundial noon at Greenwich occurs at 11 hours 
66 minutes 13 seconds From mid-June to September 1st the equation of time is 
agam po$itive with a maximum of 6 mmutes 22 seconds about July 25th From 
September 1st nil December 26th it is negative with a maximum about November 2nd, 
when It IS necessary to subtract 16 mmutes 22 seconds hrom sundial time to get mean 
time 

uomical measurement the year, as a record of seasonal events, is not an 
exact number of days In order that the name or number assigned to a day 
may discharge its primary social use, it must keep pace with the seasons 
Clearly it cannot do so if a year is always made up of the same number of days 
From direct observations of the heavens we can define the year m two 
ways The sidereal year is based on the same prmciple as the Egyptian year, 
which was announced by the heliacal nsmg of Sinus It is the time taken 
by the sun to get back to precisely the same position m the heavens as some 
fixed starSv In contradistinction to the sidereal or Pyramid year, the Stone- 
henge year was solar, and corresponds to what is now called the tropical year* 
The tropical year is equivalent to takmg the average number of days 
lietween noon at two successive vernal equmoxes Astronomers define it 
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as the time taken for the sun to get back to the Furst Point of Anes, i c where 
the sun is at some time before or after noon on the vernal equmox On any 
particular occasion the mterval between noon on the first and the succeedmg 
vernal equmox is necessarily a whole number , but smce the sun will not 
generally be exactly over the equator exactly at noon on any particular 
equmox where the observations are made, successive observations do not 
average out as a whole number 

The average length of the solar or tropical year is not exactly the same as 
that of the sidereal year The reason for this is a phenomenon known as the 
Precession of the Equinoxes The Precession of the Equmoxes, which will be 
dealt with on page 219, is of great interest because it is one of the mdependent 
sources of evidence used to check the dates of historical events The recur- 
rence of the seasons is due to the fact that the sun’s apparent annual path 
IS mchned to the earth’s axis, or, alternatively, the earth moves roimd the 
sim m an orbit mchned to its axis which is always parallel m any two positions 
Through the seasons the Pole Star retams its fixed position Hence the earth’s 
axis Itself does not appreaably shift m a smgle year On the other hand, 
comparison of astronomical observations on the decimations and hour angles 
of stars, earned out over long periods, shows that the plane of the celestial 
equator like that of the moon’s orbit (Fig 16) appears to rotate on the echptic 
at approximately the same mclination Another way of sa3rmg this is that 
the plane of the terrestrial equator rotates on the earth’s orbit (see Figs 138 
and 139) One outstandmg feature of this rotation is that the sun’s position 
on the vernal equmox shifts roimd the echptic In classical anliqmty it 
occupied the same position m the heavens as the constellation of Anes, At 
the autumn equmox the sim was then m Libra About 60 b c the sim’s 
position at the equmoxes moved from Anes mto Pisces and from Libra mto 
Virgo As a matter of fact we still speak of the First Pomt of Aries, though 
the sun is really m Pisces On star globes the zodiacal signs, as used for 
months, no longer signify the actual constellation which is screened by the 
sun at that tune On December 21st the sun is now in Sagittarius and not 
m Capncom, on June 21st it is m Gemmi and not m the adjoimng constel- 
lation of Cancer, as it was m anaent times The phenomenon is generally 
said to have been discovered by Hipparchus, m 150 B c , from companson 
of earlier records with his own observations Accordmg to Fothermgham’s 
researches, it appears to have been eluadated at an earher date (about 
340 B c ) by a Babyloman astronomer, Cidenas The passage of seventy 
years brmgs about a shift of 1^ m the position of the eqmnoc^ sim m the 
zodiacal belt A complete rotation is a matter of about 26,000 years 

Bemg at right angles to the plane of the equator the position of the celestial 
pole rotates very slowly round the pole of the echptic We have spoken of the 
North Pole Star as if it were unchangeable and exactly located at the point 
rotmd which the stars appear to revolve It is a fortunate historical circumstance 
that there does happen to be a bright star practically at this pomt m our own 
time^ There was also a bright star (a Dracoms) very near it when the calendar 
cultures of the Nile and Mesopotamia fiounshed. Being fixed with reference 
to the earth the northern tunnel of the Great Pyramid always pomts near the 
celestial pole and not to any particular star that happens to be there* Today 
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It nearly pomts to another bright star rotmd which different circumpoiar 
constellations re’? olve Our ovvn Pole Stai (Polaiis m Ursa Alinor) at present 
describes a minute circle almost eL.actly one degree off the pole That is to say^ 
the m a x imum do^exence of determinations of its altitude at any place 
IS 2° The average of two observations six months apart gi\es the correct 
position of the celestial pole^ if we vant an exact value for our latitude On 
any one occasion we are noL nkei^ to be more than out, an error of only 
35 miles^ and therefore within sight of mountains on the sea horizon^ when 
we are approachmg land There is no bright star near the south celestial 
pole 

Between 2000 b c and about K d 1000 there was no very bright star near 
the pole We might perhaps go so far as to sa> that the approach of Polans 
to the celestial pole v as me herald of the Great Navigations 

Owmg to piecesston the sidereal year gets out of step with the seasons in 
the course of centuries The tropical year is about 20 mmutes shorter than 
the sidereal year because the position of ^ changes at the rate of 1 degree 
m 70 years (precession of the equmoxes) In mean solar umts its exact length 
is 365 days 5 hours 49 mmutes to the nearest minute For keepmg track of the 
seasons the tropical year is the proper astronomical umt because it is based 
on a seasonal event The length of the civil year is adjusted to correspond 
with the tropical year by periodic insertion of extra days m the leap years 
The leap year system is analogous to an earher practice^ employed when the 
calendar stdl retamed its lunar function 

Smee the Eg3^tians added five feast-days to twelve thirty-day months 
when they created the year of 365 days^ it is probable that they first recognized 
a year of 360 days, or twelve 30-day months There is evidence to show 
that the origmal length of the Chmese and the Sumenan year was also 
360 days While the Egyptian calendar discarded any attempt to keep the 
divisions of the year m step with the phases of the moon, the oriental civil- 
izations were far less successful m devismg a seasonal calendar The mean 
length of the lunar month is almost exactly 29| days To adjust the calendar 
to the phases of the moon the Babyloman priests mtroduced a regular 
alternation of 29- and 30-day months, with occasional mtercalary months 
(or in our idiom ‘‘leap months’*)? rnake up for the fact that the year of 
12 lunar months is only 354 days To desert nomads the moon as a traveller^ 
beacon has more significance than the celestial signals of a settled agronomy 
This may be why the Mohammedan calendar retamed the Babylonian year 
of 354 days without any mtercalation, so that each month goes through all 
the seasons m a generation The early Hmdu astronomers mtroduced a 
regular five-year cycle, m which an extra month was inserted m the second 
and fifth years Greek calendrical practice did not break away firom the 
attempt to square lunar with solar time reckonmg It made a good com- 
promise by the mtroduction of a calendncal cycle due to Meton and Euctemon 
m 433 B c By intercalation of an extra month seven times m nmeteen years, 
the be ginnin g of a given named month did not suffer a seasonal shift of more 
than a day m two centuries 

A great deal of confusion arose m the ancient chronologies fmm attempts 
to conserve the more primitive use of the lunar cycle as a time unit Even 

c 
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the Eg 37 ptian calendar must have been a month out after a lapse of about 
120 years Petne remarks that “the cycle of l^4b0 years m which the calendar 
shifted round the seasons enables the record of any seasonal event to be a 
control on chronology,” and “the Berlm date” of 4241 b c , which pushes 
back the origm of the Egyptian calendar to pre-dynastic tunes, is based on 
this fact From texts extant m 2000 B c it appears that the Eg 3 ^tian priests 
already recognized a “htile year” or quadrennial cycle, analogous to our 
leap year, to compensate for the fact thattheir basic year of 365 days is roughly 
SIX hours too short A brief and readable discussion of these early calendars is 
given m S H Hooke’s book, Nezo Yearns Day * 

When Juhus Caesar came mto power he found the Roman calendar m a 
state of hopeless confusion Alexandrian astronomy had then reached a high 
level of attainment On the advice of the Alexandrian astronomer Sosigenes, 
and m accordance with his suggestions, Caesar estabhshed in 45 b c what is 
known as the Julian calendar With a triflmg modification, this continues 
m use among all avilized nations The Juhan calendar discarded all consider- 
ation of the moon, and adoptmg 365^ days as the tiue length of the year, 
ordained that every fourth year should contam 366 days The extra day was 
mserted by repeating the sixth day before the kalends of March (our 
February 24th) Later the extra day became our February 29th Caesai 
also transferred the beginning of the year to January 1st. Up to that time it had 
been m March. This is still indicated by the names of several of the months, 
e g September, the seventh month, etc Caesar took possession of the month 
Qumtihs, naming it July after himself His successor, Augustus, m a similar 
manner appropriated the next month, Sextihs, calling it August 

The Alexandrian astronomers were not a priestly caste wedded to cere- 
momal practic:es. In actmg on the advice of Sosigenes, Caesar took a step 
towards the secularization of the calendar The complete secularization of the 
calendar did not come until after the mvention of the clock The next import- 
ant reform was adopted for sac:erdotal reasons rather ihart saennfic or 
utilitanan convemence, when a civilization equipped with mechamcal clocks 
was already outgrowing the need for a rehgion of samts’ days The simmer 
Moslem world encouraged astronomical studies as a secular branch of 
learmng after the decay of the Alexandrian culture In spreadmg over the 
?:loudier northern hemisphere the Christian pxiesthood associated the seasonal 
festivals of barbarian tribes with a newly-acquired eqinpment of saints, who 
replaced the star god Pantheon when Ghnstiamty became the State religion 
of a collapsmg empire The monasteries which tolled the bell for vespers 
became what the Egyptian priesthood had been, the official timekeepers 
They were the custodians of the hour candle, and they nursed the invention 
of the weight-dnven clocks, which were put up m churches two centunes 
before they came mto secular use. 

The fact that Chnstiamty mescapably usurped the social function of the 
anaent priesthoods as the official timekeepets of civilization, when it became 
the imperial rehgion, explams the cordial encouragement which astronomy 
received from St Augustme’s teaching. Professor Famngton draws a sharp 
contrast between the words m which St. Augustme endorsed the position 
* This account closely follows that of Russell, Dugan, and Stewart. 
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of astronom> ^ Jic CwimcoiuEi of Cnnsnan education and his hostdity to 
othei branches of Lc^encc Izi Loctiiaa Christiana St Augustine 

says 

A knoTvledse of tne -■‘"s a lilso tuat of fubCorj-j tliat from 

the present position and of the s-a^s *i»e can go back witn certamty over 

their courses m tl^e past It enaoies us equal ccitamtjr to look mto the 
future, net doubdal omens oat on the basis of certain calculation, not 



Fig 33 — Albrecht Durer’s Adoration or the Lamb 
In this woodcut from Dilrer’s illustrations to the apocalypse (Vze hetrnltch Offenbtming 
JohanmSs 1498) the Paschal Lamb is superimposed on the noon sun m conformity to 
the astrological symbolism for the *‘Sun m Aries The vernal equino:^when the sun 
enters Anes, was celebrated by fertility festivals m ancient times In Christian nt^ 
the Faster celebrations took their place, Easter being fixed with reference to the day 
when the sun enters the constellation of the Ram 

to leam our own future, which is the crazy superstition of pagans, but so far 
as concerns the stars themselves For just as one who observes the phases of 
tn^ moon in its course when he has determined its size today, can tell you also 
its**pha$e at a particular date m past years or m years to come, so with regard to 
every one of tbft stars those who observe them with knowledge can^give equally 
cmain answers* 
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The last great reform was necessitated by the association of Easter cele- 
brations with the most ancient of the fertihty festivals Smce the true length 
of the tropical year is a little less than 365} days (bemg 365 days 5 hours 
48 mmutes 46 seconds^ or a httle over eleven minutes less)^ the JuUan year 
is too long By the year A d 1582 the error had assumed theological dimen- 
sions The sprmg equinox had fallen back to the eleventh of March mstead 
of falling on the twenty-jfirst, as it did at the time of the Council of Nice, 
A D 325 Under the advice of the distmguished astronomer, Clavius, Pope 
Gregory, therefore, ordered the elimination of ten days The day foUowmg 
October 4, 1582, was called the fifteenth mstead of the fifth To prevent 
further displacement of the equmox, it was also decreed that thereafter only 
such century years should be leap years as are divisible by 400 Thus, 1700, 
1800, 1900, 2100, and so on, are not leap years, while 1600 and 2000 are 
The reformed calendar was immediately adopted by all Cathohc countries, 
but the Greek Church and most Protestant nations refused to recognize the 
Pope’s authority In England it was finally adopted by an Act of Parliament 
passed m 1751 This provided that the year 1752 should begm on January 1st 
(mstead of March 25th, as had long been the rule m England), and that the 
day foUowmg September 2, 1752, should be reckoned as the fourteenth 
instead of the third There were nots m various parts of the country m 
consequence, espeaaUy at Bristol, wheie several persons were killed Accord- 
mg to their slogan, they supposed that they had been robbed of eleven days, 
although the Act was carefully framed to prevent any mjustice m the collec- 
tion of mterest, the payment of rents, etc The Julian calendar persisted m 
Russia until 1918, and m Rumania until 1919 When Alaska was taken over 
by the USA (1876) the oflScial date had to be changed by only eleven days, 
one day being provided for m the alteration from the Asiatic reckomng to 
the American 

Professor EUiot Smith’s assertion that the magic of today is the discarded 
saence of yesterday is well illustrated by an lUuimnatmg study of the role 
of the zodiacal constellation Cancer m ancient social practices (D’Arcy 
Thompson, Trans Roy Sac Edinburgh^ XXXIX) ‘‘We err m my opimon,” 
says Professor D’Arcy Thompson, 

if we fail to recognize m this antiquated symbohsm a deeper mtention 
I think we may discern that these convenuonal but much varied collo- 
cations correspond m a smgular and precise degree with natural groupmgs 
of constellations that are similarly figured and designated, and that the 
divimties with whom the emblems are associated had themselves a corre- 
sponding relation to the Signs of Heaven, where they had their places 
according to the doctnnes of astrology, or wiuch marked their festivals m the 
astronomic system of the sacred calendar We may abbreviate and sum- 
marize, as follows, the chief comcidences that have been related above Cancer 
was domus Lunae, and the Crab is associated with the Moon on coins of 
Consentia, Tenna, etc , with the lunar Diana of the Ephesians, and with 
various other images of the lunar goddess Cancer was exaltatio Jovis, and 
the Crab is peculiarly associated with the Bird of Jove m the coinage of Agn- 
gentum, while the Aselh, mdividual stars of the same consteUatioa, are mytho- 
logically associated with the same god Cancer Was sedes Mercuni, and the 
Crab IS figured with the head of Hermes on coins of Aenus. Cancer rose with 
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Sirius^ and there are cog-neadeci representations of both Alercury— Anubis and 
Liina-Hecate Cancer Tiarkea die aate of a festival of Pallas, and the Crab is 
figured with Pallas cn coins of Comae Cancer is constellated with Hydra, 
simultaneously v^-ith part of wbicn V'lrgc rose and the Crab is associated 
with Hydra m the legend of Hercules anu hence with Lema when the iites of 
the Virgo coelestis were performect Cance* is m txie neighbourhood of Corvus 
and Cratei, and on come of Menae the Ass is nguied witn the Raven and Cup 
Cancer rose opposite to Aqoila ana Delphinus which set soon afterwards, and 
moreov er, set precisely as the Dolphin rose the Crab or the Ass is associated 
with the Eagle on corns of Agr^gentum and Mocya, and with tne Dolphm on 
corns of Motya and Argohs Cancer rose as Pegasus set, and the Crab is figured 
with the Horse on corns of Agrigenrom Cancer rose as the Southern Fish set, 
and the Crab and Ass are figuied with tne FiSh on coins of Agngentum and 
Cyzicus 

MEGALITHIC REMAINS 

The conditions for fixmg the year vary greatly m different parts of the 
world Near the equator twihght is short, so that the mterval between the 
visibility of a bright star and the moment of sunrise or sunset is small On 
the other hand;» the sun never rises or sets far north or south of the east and 
west pomt Hence the detcrmmation of the year by hehacal nsmg or setting 
of bright stars is relauvely easy, and the use of the solstice as a fixed pomt 
IS relatively less convement than it is m northerly latitudes like our own 
At the latitude of Stonehenge twilight is prolonged, and the amplitude of 
the sim’s shift between the solstices is large On midsummer day it nses 
just over Mf north, and on December 21st 40® south of the east pomt, movmg 
through an angle of over 80° m the course of the solsanal half-year Hence 
It IS not surpnsmg to find evidence that megahthic monuments m northern 
Europe were set up to regulate a solar calendar 

Sir Norman Lockyer, who earned out an extensive survey {Stonehenge 
and other British Stone Monuments) of such remains m Bnttany, Wales, 
Cornwall, and Dartmoor, disunguishes between three types of solar calendar 
One IS the solstitial calendar based on the midsummer (June 21st“Jime 21st) 
or mistletoe (December 21st-December 21st) year One is the equmocnal 
(sprmg or autumn) year The other is the ‘Vegetative” year In early Greek 
and Latm calendars the quarter days (about May 6th, August 6th, Novem- 
ber 9th, and February 6th) are midway between a solstice and the ensumg 
equmox, and the begmmng of the year was fixed m some of the Mediterranean 
cults at one of these dates, e g May 6th, by notmg the position of the nsmg 
or settmg sun when half the number of days (46) between the equinox and 
foUowmg solstice have elapsed One advantage of a May (or August) year is 
that the same ahgnment serves to fix all four quarter days If a hne (Fig 34) 
of stones is placed to greet the nsmg sun of June 21st, when the observer 
looks northward, it will also greet the settmg sun of December 21st, when 
the observer looks southward If a Ime is placed to greet the nsmg sun of 
May 6th, when the sun is stiU travellmg northward, it will also greet the 
nsmg sun of August 6th on its return journey Sm^arly, if the observer 
looks towards the southern horizon, it will equally well serve to fix the 
position of sunset on November 6th and February 6th In northerly latitudes 
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Fig 34 


Diagram to show how a double circle of stones airanged to sight the iismg and settmg 
of stars can be used to keep track of the seasons The directions and times are cal- 
culated for today at about the lantude of Stonehenge where Vega )ust dips beneath 
the northern horizon and the star Capella never sinks below it Vega settmg m evenmg 
twihght m early March and nsmg in evenmg twihght m early April announces the 
coming and gomg of the vernal equmox, when Capella is seen skirtmg 7® above the 
north pomt of the horizon at lower transit m morning twihght Castor settmg m 
mommg twihght m early March also warns the commg of the vernal equinox Sinus 
nsmgy Altair and Fomalhaut settmg m morning twihght m late August anticipate the 
onset of the autumnal equinox 1 he approach of midsummer day js announced by 
the Pleiades nsmg and Antares settmg m mommg twihght at the end of Alay. Mid- 
wmter is annoimced by Aldebaran settmg m mommg twihght m late November 
and the settmg of the Pleiades and the bdt of Orion with the rismg of Antares m 
mommg twihght m early December. Fomalhaut skirtmg the south pomt of the 
horizon m evenmg twihght about January Ist annotmees that the solstice is past 
The November quarter-day is annoimced by Deneb skirtmg S'" above the north 
pomt of the horizon at lower transit m mommg twihght 


where the sun is often obscured by ram or trust on any particular day of the 
year the advantages of this are obvious 
The megahthic rehes of Northern Europe (stone circles, avenues or rows, 
monohtfas or menhirs, dolmens) have remarkably constant features. From 
a study of the ahgnment of stone rows and avenues or neighbounng menhirs. 
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Lockyer foimci Znzx, z iz^g^ pioporticx- are placed to greet the rising 
sun about hlcj J a u j fo- ’■Jne sLght thanpe in the obliquitj^ of 

the ccli^-uic lu ure cdu 'i* of lz* r ^ jcars ::e crates them about 

1500 B c AbS' ziz^tc. \i s z^ so-'^r “uaic often fo^d to be 

others n/lacn cc^resrcr- iit ri 3 ^g or «e **1:2 fc®*ucn of a bright star 
whose heliacal stwjL*g u s c.s.e actea a j of die approach 

of the Aiay iie-* ’ ^ Ow* there a^e co'^tpcra i\ el^ few bright stars 

which cculd serve the pwjucse, Jie ebi*^b-ashea jse cf Jie ones as signals 
of solar events jz uie iViec2teiji."'ne£n cu^ts -ea^es litur aoub. tael the stone 
cucle WFS a celendr-Cc,. cc^cf* ci iectamg to one 

\x as a <; 3 ^ s<^>Cfn foi Le r*cai ^2 p^ocsjbSXEi to 7 c tch the i^zjzg sun of the quarter 
day, 01 the iscLaca^ -rising anc setuag of Ae s ?^e aJes S r uS, Aicturus, 
etc ) which was the laerdc of its appu^cL 


EXAMPL.JSS ON CHAPTER I 

1 With the aiCi of dsagiomo comoare tne i^eha^^'our of the son’s shadow at 
latitudes 70® N j 50° N , 10® N , and 0% 10® S S , S tl-roughoat the 
seasons 

2 The star a m the constellation Ursa Major was seen at its lower culmina- 
tion at midnight on September 4ih Later on it was seen due east of the Pole 
at 2 a m What was the date^ 

3 Given the obhquity or the ecliptic as 23J®, find the sun’s zemth distance 
on December 21st at a place where the altitude of the Polar Star is 51° 

4 The altitude of the Pole Star at a certam place is found to be 53® Fmd 
the approximate date on which the sun’s noon altitude was 60°, given the fact 
that the sim rose earlier on the previous day (Use Whitaker ) 

5 Imagme that you have been deported to an unknown destination at which 
you arrive after months of high fever How would you be able to recognize 
(a) whether you were near the North Pole, the equator, the South Pole, the 
tropical belts, (J>) how would you be able to locate your approximate position 
between these linuts without any mstruments, (c) how would you determme 
roughly the tune of year? 

6 What additional information could you gam, if you had a protractor, some 
strmg, and a few nails? 

7 Suppose yomrself m the same situation. You only recall the foUowmg 
geometrical theorems of your schooldays ( 1 ) The theorem of Pythagoras, (u) the 
angles at the base of an isosceles triangle are equal, (lu) the angle at the centre 
of a circle is twice the anglfe at the circumference subtendmg the same arc 
How could you use these to make angles of 90, 46, 30^, and 60 degrees round a 
shadow pole with a piece of cord and a peg? How woiild you proceed to obtam 
other angular divisions? 

8 Assuming that you have done this, how would you find (a) your latitude, 
(5) the date, from observations of the sun’s noon shadow? 

9 How would you make an hour glass to record the time elapsmg between 
the mendian transits of the stars? 
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10 Explain why leap years are inserted and what is meant by Greenwich 
mean time 

11 If Sinus transits 23J® above the southern horizon at lat 60® N., show 
with a diagram like that of Fig 24 at what latitude it will 

(a) just graze the southern horizon at transit^ 

(fc) transit 16J° south of the zemth 

12 If Aldebaran transits 12i® south of the zemth at latitude 29° N , at what 
latitude will it 

(a) transit exactly overhead? 

(fe) transit 5° north of the zemth? 

(c) just graze the northern horizon as a circumpolar star at lower 
culmination? 

Test the rule that if the altitude is alwa 3 rs measured from the northern horizon^ 
the formula 

altitude = 90° — (zemth distance) 

still holds good^ if the zemth distance is negativey when a star transits south of 
the zemth 

13 Fmd the north polar distance of Aldebaran and the south polar distance 
of Sinus with diagrams like those m Fig 24 Hence find with similar figures 
at what southern latitude 

(a) Aldebaran ceases to be visible at all 

(Z>) Sinus becomes a circumpolar star of the south celestial hemisphere 

14 Fmd at transit the zemth distance of Sinus and Aldebaran at latimde 
6° N* and latitude 6° S and of Sinus at latitude 22 J° S Show that if (a) z d 
south ot the zemth is negative, ()>) dechnation south of the equator is negative, 
(c) latitude south of the equator is negative, the followmg formula apphes to all 
situations. 

Dechnation = Latitude + zemth distance 

15 Draw a figure to show the upper and lower transit of Sinus at 85° S 
Show that m the southern hemisphere, where there is no bright star near the 
celestial pole, the latitude, i e elevation of the pole, is the mean altitude of a 
circumpolar star at upper and lower culmination reckoned from the southern 
horizon 

16 If solar time at Exeter is 14 mmutes behind solar time at Greenwich, on 
what days of the year (see Fig 32) will 

(a) noon on the sundial at Exeter agree with brbadcast time (GMT) 
from Greenwich? 

(5) noon on the sundial occur two mmutes after broadcast noon? 

(c) noon on the sundial occur twenty mmutes after broadcast noon? 

17 On November 6th the sun crosses the mendian at one o’clock GMT 
At what time by a chronometer set to G M T will it cross the mendian at the 
same place on February 5th, Jtme 21st, and August 4th? 
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POrViPEY'S PILLAR 

Tils Ssze.:c3 oj Seafan'ng 


In the eveivday life of majul?Ln-. me first fact ^ed to the growth of an 

organized body of scientific itnowledge wa^ tne fei!aiit 3 ^ of the crops and 
flocks The second w as the freedom of the seas From the first came the 
need for an otganizcc calendar , from the second a s 5 ’'slem of earth survey 
The following passage from NJ[sson‘'s monogiaph illustrates the same social 
needs at work in the culture of baclr*,ard communities today 

The calendar and piactical life become to some aegree separated from 
each other 3 the first lays the principal emphasis upon the correct ordermg of 
the series of days^ which is of especial importance on rehgious grounds for the 
selection of days and the fixin g of the right day for the rehgious obsertances, 
m practical life, however, the point of chief importance is to detemune the 
times when the various occupations may be begun and sea-voyages undertaken, 
both of which depend upon the solar year, and for this the stars afford the best 
aid Hence it happens that sometimes the reckoning by the stars appears, as 
one more profanely determmed, m a certam opposition to the lumsolar reckon- 
mg, which has a more religious character This happened m ancient Greece, 
where the stais served for the time-reckomng of sailors and peasants while the 
lumsolar calendar was developed and extended under sacral influence, the 
festival calendar, which was regulated and recorded by the moon, became 
the official civil calendar It was only later that the stellar calendar was sys- 
tematically brought under the influence of the fully developed astronomy and 
of the Julian calendar In sailmg, the stars afford to the primitive seafarmg 
peoples the only means of finding their way when ihe land can no longer be 
seen From the necessities of seafarmg the greatly advanced knowledge of the 
stars possessed by the South Sea peoples has arisen, this is because practical 
ends are served not by a priestly wisdom, but by a profane Nevertheless the 
knowledge of the stars is a secret which is carefully guarded m certain fanuhes, 
and kept from the common people — as is reported of the Marshall Islands 
Among the Moanu of the Admiralty Islands it is the chiefs who are miuated 
by tradition mto the saence of the stars On the Mortlock Islands, where the 
science of the stars is very highly developed, there was a special astronomical 
profession, the knowledge of the stars was a source of respect and influence, it 
was anxiously concealed, and only commumcated to specially chosen mdi- 
viduals Only a few can determine the hours of mght by the stars The Tahitian 
Tupaya, who accompamed Cook on his first voyage, was a man of this kmd, 
specially distmgmshed for his nautical knowledge of the stars The elements 
of the science, however, seem to have been pretty generally known, and from 
the Caroline Islands comes a curious account of a general instruction therem 
It was first mentioned by the Spanish missionary Cantova m the year 1721, 
and was^ later confirmed by Arago In every settlement there were two houses, 
m one of which the boys were mstructed m the knowledge of the stars, and m 
the other the girls, only vague ideas were imparted, however* The teacher 

C* 
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had a kind of globe of the heavens on which the principal stars were marked, 
and he pointed out to his pupils the direction which they must follow on their 
vaiious journeys One native could also represent on a table by means of grams 
of maize the constellations known to him This is a nautical non-priestly 
astronomy, which has really htde to do with calendrical matters m general, 
although as a matter of fact m the Carolines and the Mortlock Islands it has 
led to the naming of all months from constellations, and therefore to a systematic 
sidereal regulation of the calendar. 

In ancient times transport by land mvolved a large mitial outlay m makmg 
roads and a vast output of energy m carrymg loads Shippmg dispensed with 
the need for roads and registered man’s first tentative exploit m replacmg 
the effort of man or beast by the forces of inanimate nature The Semitic 
peoples of Asia Almor had established colomes throughout the Meditenanean 
world by the beginning of the second millennium b c Carthage was founded 
m the mnth century By then ships had begim to track north towards the 
Tm Isles of the north In the sixth century Carthaginian navigators had coasted 
along West Afnca beyond the equator From these Semitic peoples of Asia 
Aimor the maritime Greeks of the seventh and sixth centuries B c absorbed 
the star lore of the ancient world and the geometncal prmciples of the 
calendar architecture Their first two teachers of repute — ^Thales and 
Pythagoras — ^were both of Phoemcian parentage So was Anaxagoras, who 
brought astronomy from Miletus to the Court of Pencles Pythagoras is said 
to have acquired m Egypt his knowledge of the obhqmty of the echptic and 
the identity of the plmets Mercury and Venus m their appearances as 
mormng and as evemng stars (see p 184) According to Calhmadius (cited by 
Diogenes Laertius), Thales determmed the position of the stars m the Little 
Bear by which the Phoemcians guided themselves m their voyages From 
Professor Taylor’s studies on mediaeval pilot books it seems that a similar 
practice persisted m the Chnstian era Fig 67 shows how the relative positions 
of stars m the Litde Bear were once used to estimate the error mvolved m 
determining latitude by the Pole Star, when it was not so near the true centre 
of the heavens as it is now. The orientation of two stars m the Little Bear 
above, below, east, or west of the true pole made it possible to apply the 
necessary correction, rangmg from — 3|° to + 3}'’ m the fifteenth century. 

Saen^c geography starts with the exploration of the Mediterranean, 
and the determination of latitude, which probably antedates Greek civihza- 
tion, arose by easy steps from the practice of navigatmg by the Pole Star 
That mantime astronomy had reached a high level of precision before the 
great advances made by the Alexandnans is mdicated by the reference to 
Pytheas m the following passage from Professor Farrington’s Science tn 
Antiquity • 

. . . about 600 B c the Carthagiman, Hanno, coasted down the west coast 
of Africa as far as Sierra Leone, to within 8 degrees of the equator Close on 
the heels of the Phoemcians followed their rivals, the Greeks. The efiective 
discovery of the Black Sea was the work of the Greeks of Miletus Exploration 
was begun about 800 b c , and by 660 b c there was a heavy fringe of Gredc 
colomes aU round the Black Sea coast. It was for this city of explorers and 
merchants that Anaximander constructed his map. It was not frem Miletus, 
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however, but from the neighbourmg town of Phocaea, that the great enterprise 
was organized that eventually turned the Mediterranean mto something like 
a Greek lake Probably as early as 860 b c colonists from Phocaea occupied the 
Italian site of Cmnae near Naples, and by the end of the seventh century 
numerous Greek settlements, mostly Phocaean m origm, dotted the western 
Mediterranean The most westerly of these settlements was at Maenace, near 
Malaga m Spam, the most famous was at the first site of civilization m France, 
Marseilles It was from Marseilles that a Phocaean sea-captam, Pytheas, about 
300 B c , made one of the great voyages of antiqmty Eludmg the vigilance ot 
the Carthagimans, who still at that date enaeavoured to keep the Atlantic as 
their preserve, he shpped thiough the Pillars of Hercules and coasted north 
His chief objective was the tm mmes of Cornwall, which he visited and well 
describes Pytheas was an educated man and a skilled astronomer, and his 
voyage was rich m scientific results He was capable of discovermg that the 
Pole Star is not situated exactly at the pole, and of determmmg the latitude 
of Marseilles to within a few minutes of the correct figure His accurate obser- 
vations gave later geographers their reference pomts m plottmg the map of 
northern and central Europe Scientific voyagers like P3rtheas were 

capable of calculatmg latitudes astronomically Longitude, however, remamed 
a matter of dead-reckomng 

The positive contributions of the Greeks to the advancement of new 
knowledge of nature are easy to exaggerate, and what useful discoveries they 
made belong to the e^rher period and localities wrhere they were in closest 
touch with the great trading centres of northern Palestme It is only fair 
to say that the loman Greeks never made the claims to origmahtv asenbed 
to their Attic successors by the lexicogiaphers of latet time Demociitus, the 
doyen of Greek materiahsm, has left us the folioving fragment w’^hich is 
eloquent of their debt to the past 

Of all my contemporaries it is I who have traversed the greater part of the 
earth, visited the most distant regions, studied climates the most diverse, 
cotmtries the most varied, and hstened to the most men There is no one who 
has surpassed me m geometrical constructions and demonstrations, not even 
the geometers of Egypt, among whom I passed five full years of my life 

The great contribution of the Greeks to the advance of knowledge was 
that they took a deasive step away from the associauon of natural enquiry 
with ntual They travelled They were cunous, and they recorded the results 
of their travels m a language better fitted to precise description than the 
senpts of the priesthood Smee it is always easier to separate what is mere 
magic from what is real science in the culture of foreigners, they were able 
to discard some of the superstitions of their schoolmasters. Eventually they 
fell victims to a practice which is no less pernicious than pnesthood itself 
As time passed the pursuit of saence and the art of mathematics which 
should be its servant came to be regarded more and more as mere recreation 
for a leisured and htigious class They developed that mveterate belief m 
logic which is the password of the legal profession and the peril of science 
Mathematics became the master mstead of the servant, and was itself sterilized 
by losmg contact with the world’^s work 

It IS sometunes suggested that naturahsm and pohucal philosophy 
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flourished side ov Side as in gro\4tiis from the same soil of intellectual 
freedom To a laigt e sclent i\ere ciiioiiologicaily and topographically 
separate Axistotle, waose person S3nibolizes the fusion of posiD\e science 
and political spcculruoELj devotee miich of ins eneig^ to \eibal refutations 
of the sound experimental pm sics of nia Ionian predecessors Plato, 
who declared tnat all the \ Oiks of Democritus ought to be burned, 
did not shnnlt from coniempoious leferences to astronomical observations 
or to the pioneer acoustical expeiiments of tne P} thagoreans The foUow- 
ing (Republic^ Book VII) is tyo.cal oi the anu-scientiflc temper of Plato’s 
teaching 


It makes no difference ^hetliei a person states stupidly at the sky, or looks 
with half-shat eyes upon the ground, so long as he is trying to study any sensible 
object, I deny thac he can e^^cr be sa^d to learned anything, because no 
objects of sense adnut the scientinc treatment Do you not think that the 

genume astronomer ill regard the heaven itself as framed by the 
heavenly architect^ But as to the propomon ^hich the day beats to the 
mght, both to the month, the month to the year, and the other stars to the sun 
and the moon, and to one another — ^will he not, think you, look down upon the 
man who beheves such coiporeal and visible ob;ects to be changeless and exempt 
from all perturbations, and will he not hold it absurd to bestow extraordmary 
pams on the endeavour to apprehend their true relations? 

Wc shall pursue astronomy with the help of problems just as we pursue 
geometry but we shall let the heavenly bodies alone, if it is our design to 
become really acquamted with astronomy and by that means to convert the 
natural mtelligence of the soul from a useless mto a useful possession 
You can scarcely be ignorant that harmony also is treated just like astronomy 
m this, that its professors like the astronomers are content to measure the notes 
and concords distinguished by the ear one agamst another, and therefore toil 
without result Yes, mdeed, they make themselves ridiculous They talk about 
“repetiuons” and apply their eats closely, as if they were bent on extractmg 
a note fiom their neighbours, and then one party asserts that an mtermediate 
sound can still be detected, which is the smallest mterval, and ought to be the 
umt of measure, while the other party contends that now the soimds are 
identical — ^both alike postponing their reason to their ears They act like 

the astronomers, that is, they mvestigate the numerical relations subsistmg 
between these audible concords, but they refuse to apply themselves to problems 
with the object of exammmg what numbers are, and what numbers are not, 
consonant, and what is the reason of the difference a work useful m the 
search after the beautiful and the good, though useless if pursued with 
other ends 

From this morass of metaphysical disputation, mto which the secular 
knowledge received by the Attic Greeks from their loman predecessors 
had fallen, the culture of classical antiquity was rescued by the brutal realities 
of war The conquests of Alexander brought new opportunities of mtellectual 
intercourse, new contacts with the world’s affairs, and led to the fotmdation 
of a cosmopolitan centre of leammg near the site of the greatest Egyptian 
triumphs of architecture and irrigation Alexandna became a foremost centre 
of Mediterranean shipping The daily record of a ship’s progress which 1 $ 
put up m the saloon of a modem Imer is part of the cultural debt which we 
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owe to the bnihant cflHLorescence of discoveries made m Alexandiia during 
the three centuries which preceded the beginning of the Christian era, and 
the three centuries before Rome hcensed the monks to loot the treasuiy of 
pagan science 

We have seen that the cardinal achievement of the pnestly culture of the 
great calendar civilizations was the discovery of the year The determmation 
of the year entailed careful daily measurement of the sun’s shadow and the 
beanngs of the stars m the mght sky In makmg these measurements men 
blimdered mto the recogmtion of certam physical constants which provide 
a saentific basis for fixmg our position m the umverse of stars and upon 
the earth’s surface Three fundamental relations to which we have already 
directed attention are the altitude of the pole, the tilt of the plane of the sun’s 
apparent track on the equinoxes, and the mclination of the echptic to the 
equator. The knowledge of these relations gives us all that we require to 
estimate the northerly or southerly position of an observer with reference to 
the poles or the equator, and divides the earth into three zones with charac- 
teristic seasonal phenomena on either side of the equator These are the 
ftigid (Arcuc or Antarctic), temperate, and tropical regions A fourth 
uniformity, the constant difference of hour angle between the transit of two 
stars, gives us some of the information from which we can determme our 
posmou east or west of any fixed hne from pole to pole. 

The full significance of none of these relations could emerge until it was 
possible to draw comparisons between observations made at different places 
and to sift what was purely local information about shadow, star bearmgs, 
and seasons, from facts which are common ground to people mhabitmg 
different parts of the world Without doubt by far the most difficult step m 
this advance was to understand the geographical meamng of the time relations 
between the transits of heavenly bodies. Today it is easy enough to establish 
the fact that astronomical, e g solar, time is local There is no difficulty in 
determining withm a nunute the exact time at which the sun crosses the 
mendian by means of a home-made apparatus like that shown m Fig. 22 
Noon for you will be the time when the zemth distance of the sim is least 
On four days of the year (April 15th, June 15th, September 1st, and Decem- 
ber 25th — see Fig 31) the correction (called the ^‘equation of time”) necessary 
to make the length of the solar day bear a constant relation to the mterval 
between successive transits of the same star, vamshes That is to say, 12 noon 
GMT IS the true solar noon at Greenwich If you live in Qimwall, 
you will find that noon by your own sundial does not agree with a 
watch set by the daily broadcast announcement of Greenwich tune Near 
Land’s End on these days noon will occur when the watch records the 
time as 12 23 

The explanation of this fact is one which we generally learn in our school- 
days It is shown in Fig 36. The earth rotates eastward to meet the nsing 
sun If we are west of another place, we have farther to travel before the sun 
crosses our mendian The earA revolves through 360® in 24 hours, i.e. 16® 
per hour, or 1® in 4 mmutes Hence, time is local reckoned from the transit 
of a celestial body, whether it is ndereal time (reckoned from when crosses 
our mendian) or solar time (reckonoi ficom when the sun passes over our 
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Fig 36 — ^Finding Longitude 

At noon the sun hes directly over the line loining the north and south points of the 
honzon, 1 e the mendian ox longitude on which you are located In the figure it is 
directly above the Greenwich mendian^ and it is therefore noon at Greenwich If 
you are 30*^ East of Greenwich the earth has rotated through 30® smce your sundial 
registeredoioon It has therefore made one-twelfth of its twenty-four-hourly revoluaon, 
so that It IS now two o’clock by the sundiaj If you are 60® West the earth has still to 
rotate CO® before the sun will be over your mendian, 1 e onc-sixth of its twenty-four- 
hourly rotation, so your sundial will register Sam 

longitude If noon at a place B happens x mmutes or y hours after noon 

X 

at B IS 2 “ or 15y degrees west of A, and if noon happens at B a: minutes 

^ X 

or y hours before A, B is ^ or ISjy degrees east of A Difference m longitude 

IS the hour angle difference of the local transit of the sxm across the mendian. 
Simple as this is^ it was a very difficult step to make m ancient times 
Until there were wheel-dnven clocks, there were no portable devices with 
which to compare solar time at two different places Although the later 
Alexandrians had very elaborate water-docks of much greater delicacy 
than the crude hour-glasses of an earlier penod, and certainly no less 
accurate than the first mediaeval docks which were dnven by weights, 
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Will occur at one place^ can therefore obtain his longitude b} recording the 
local time of its occurrence here he is According to Alarguet / Ht^toire de 
la Longitude de la Mer au XVIII en Fi Columbas ^ooked out for 
a port of anchor at Haiti for obsert mg at res'* the conjunction of sun and 
moon on January 13^ 1493 Bensaude Xatit^que au Portugal 

a r epoque des grandes dicouvetic^j tells us tliat Amerigo Vespucci found the 
difference of longitude beDveen Venezuela ana Cadiz in 1499 by observation 
of a lunar echpse 

In his book The Geographical Lore -he Tune oj tne Ctai^ades^ J K Wnght 
tells us how the Alexandnansj equipped with neither cnronometers nor 
wireless signals^ rehed on this method of findmg longitude to construct the 
first true maps 

Bratosthenes^ Hipparchus^ Plinya and Ptolemy ah understood that it may be 
found by observing the time of echpses m different localities Hipparchus 
beheved that an extensive senes of observations should be earned out m order 
to ascertam^ by mathematical and astronomical means alone, latitudes and 
longitudes of a large number of places To facihtate such a survey he prepared 
tables of lu n a r echpses and tables to aid m the determmation of latitudes, but 
the practical difficulties of the imdertakmg were too great and the work was 
never completed In fact, throughout anuqmty the total number of places 
whose position had thus been accurately determined probably does not exceed 
half a dozen, if it is as many Pliny gives an account of two different occasions 
when observations were made of the same echpse at two different places He 
says that at the time of the battle of Arbela the moon was echpsed at the second 
hour of the mght, when at the same hour it was nsmg m Sicily He also speaks 
of an echpse of the sun that was seen m Campama between the seventh and 
eighth hours and m Armema between the eleventh and twelfth, mdicatmg 
a difference m longitude of four hours, or 60®* The actual distance is no more 
than half of this Ptolemy also cites the echpse of 331 b c as givmg the distance 
between Carthage and Arbela Much greater accuracy was attained by 

the Arabs m their calculations of longitude and some of their figures were passed 
on to the Western world in astronomical tables durmg the twelfth and thirteenth 
centuries 

The use of echpses depends on bemg able to reckon when the sun, the earth, 
and the moon will be m Ime with one another as seen at some particular 
place This means bemg able to calculate the relative positions of the sun 
and moon as seen from the earth by analysis of recorded observations An 
analogous method depends on the fact that the moon retreats m its monthly 
course through approximately 360—30, or 12 degrees a day So its position 
with reference to the fixed stars changes appreciably m a couple of hours, 
even as judged by the use of very simple instruments Thus the moon is a 
dock which registers short mtervals of time Once we have discovered how 
to map out the moon^s relation to the apparent rotation of the fixed stars, 
there are two different ways m which the moon’s motion may be used to 
compare local tune with time at a standard observatory 

The discovery of how to map the position of the heavenly bodies was 
therdbre a necessary preliminary to scientific earth survey The wealth of 
astronomical knowledge amassed by the Alexandrian astronomers was not 
merely the by-product of idle curiosity, nor a lopsided hypertrophy of 
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leisure In constructing the first maps they were forced to rely on much more 
devious methods than we employ m an age of sprmg clocks Getting a fairly 
good estimate of latitude inland m A D 1935 m the northern hemisphere is 
a very different thmg from findmg a latitude at sea on a particular day m the 
year 300 B c To begm with, there was no bnght stai very near to the celestial 
pole at that date Even today the presence of Polans V from the North Pole 
does not help navigation m the southern hemisphere The stm is often 
obscured by doud at noon so that it is highly unsatisfactory to rely on one oi 
even two methods for findmg one’s bearmgs The art of navigation^ or ot 
overland survey for impeiiahst campaigns, has to make use of all the relevant 
information which any visible celestial object can provide 

While important contnbutions to optics, mechanics, and medicme are 
to be credited to the Alexandrian culture, its supreme achievements are aU 
related directly or mdirecdy to the discovery of a scientific basis for earth 
survey Alexandria was a centre of mantime trade It was also a cosmopohtan 
product of Greek Impenalism, and thereafter the cultural Mecca of the 
Roman Empire Knowledge of latimde grew out of the manner’s practice 
of steenng his course by the heavenly bodies and noticmg the changmg 
elevation of the Pole Star in coastal sailing northwards or southwards across 
the Mediterranean or beyond the PiUars of Hercules Knowledge of longitude, 
as the previous atation suggests, came from the arts of war, and did not 
enter mto the practice of navigation till a far later date Estimates of long 
distances depended on information from impenahst campaigns Saentific 
geography was in part a by-product of the practice of navigation, m part a 
by-product of impenal expansion, and it was made possible when the 
pre-existing lore of a ceremomal caste became the common possession of 
mankind Bnlliant innovations m mathematics arose m close relation to the 
same group of problems The tngonometry of Archimedes and Hipparchus, 
the algebra of Theon and Diophantus, can be traced to the inadequacies of 
Platomc geometry and Greek arithmetic as instruments for handling the 
large-scale measurements which Alexandnan geodesy and astronomy 
entailed 

The prmapal discoveries which form the basis of the Ptolemaic system 
may be taken under four headings the measurement of the size of the earth, 
the construction of umversal star maps based on the pnnciple of latitude 
and longitude, the mtroduction of latitude and longitude for terrestrial 
cartography, and the first estimates of the distances of the moon and sun 
firom the ea^ 

THE SIZE OF THE EARTH 

The first estimate of the earth’s circumference was made by Eratosthenes 
(c 250 BX ) As hbranan of Alexandria he had access to information from 
which he was able to compare the sun’s altitude at two situations, one due 
south of the other (Fig, 38) On the summer solstice the noon sun was 
mirrored m a deep well near Syene just below the first cataract of the Nile 
on the tropic of Cancer, The noon sun was therefore at the zenith On the 
same day at Alexandria, 600 miles due north, the obelisk shadow showed 
that the sun was 7^® fit>m the zemth, *Smoe the sun^s rays are parallel, this 
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mf-ana that the arc, or as we now say the difference of latitude, ^between 

Syene and Alexandria is approxunately 71®, i e. 7J — 360 = 48°^ 

entire earth’s arcumference. Hence, the difference between Alexandria and 

Syene (approxunately 600 miles) is ^ of the circumference of the ^obe So 

the earth’s circumference is about 48 x SOO = 24,000 miles. The 

was given m stadia (the length of the games stadium), and was probably 
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based on the average day’s journey of an army on the march The result 
agrees withm 4 per cent with modern determmations 

In his book. The WoHd Machine^ Carl Snyder quotes some other figures 
relative to early estimates of the earth’s size 

There was a curious tradition, preserved by Achilles Tatius, that the 
Chaldeans had measured the earth m terms of a day’s march They said if a 
man were able to walk steadily and at a good pace, he would encompass the 
earth m one year They counted that he would do 30 stadia (about 3 miles) 
an hour, and so computed the great circle of the globe at 263,000 stadia, which 
was very close to the estimate made by Eratosthenes Eratosthenes’ 



How Poseidonius measured the circumference of the earth The difference between 
the zenith distances of the same star when measured at its meridian transit from two 
stations IS the difference of latitude between the two stations If one is due north 
of the other this is the number of degrees m the arc of the earth’s arcunxference between 
the two stations Smce Canopus grazed the horizon (Z D = 90®) at Rhodes the differ- 
ence m latitude between Alexandria and Rhodes was 90® — (ZD at Alexandria) 

figure was 260,000 (or 262,000), Hipparchus wished to mcrease this to 276,000, 
Poseidomus to reduce it, fixmg it at 240,000 stadia accordmg to Cleomedes, at 
180,000 according to Strabo This last figure was that adopted by Ptolemy, and 
this and other errors of Ptolemy were the basis of Columbus’ behef that India 
was near Had he known the true distance, possibly #he never would have 
sailed • Is it the impression that we have here merely an mtellectuaJ 
conception — ^that the mean mg of it m no wise came home to any of the anaents 
— ^that there was no vivid sense of new contments, new worlds to explore? 
Listen, then, to a passage of old Strabo, he is telling of the ideas of Eratosthenes, 
who, he says, held “that if the extent of the Atlantic Ocean were not an obstacle, 
we might easily pass by sea from' Ibena (i,e Spam) to India, soil keeping in 
the same parallel (of the temperate zone), the remaining portion of which 
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parallel, measiired as above m staoia r 2 o 2500 U) occupies more than a third of 
the whole circle, since the pcuallel ctxa^'ni tluough Athens, in t\hich we have 
taken the distances from India to loe-’a, does rot contain in tre whole 20u,000 
stadia ” 

To get his measured aistance Pose comus re’^ed on niar^jiers^ estimates 
of a straight course northwards acioss tne MeJ^tenanean Like that of 
Eratosthenes, his method depends on the fact J:e difference of latitude 
between two places is equivalent to the difierencc of zemth dist mce or 
altitude of the same heavenly, bodv whir crosses the meridivn iFig 39} 


i, o e 



Fig 40 — Small Circles of Latitude on the Terrestrial and of Declination 

ON the Ceiestial Sphere 

Just as latitude is the angle of elevation north of the equator ot a point on the earth’s 
surface, so declination is the angle of elevation north of the celesual equator of a 
point on the celestial sphere Latitudes and declinauons south of the equatorial plane 
are thus reckoned as negauve 

Poseidomus measured the zemth distance of the star Canopus at Alexandria 
and on the island of Rhodes, situated roughly 350 miles north of the former 
Canopus, after Sinus the brightest star m the sky, just grazes the horizon 
at Rhodes, and is mvisible further north 

According to the best measurements, the earth’s diameter is 7,900 rmles 
along the polar axis and 7,926 7 miles across the equator The geometric 
mean of the two is 7,913 3 miles The flattening at the poles about which 
we heard so much at school amounts to a difference of less than fifty miles 
between the two axes Thus the circumference along the Greenwich meridian 
IS TT X 7,913 3 = 24,860 miles, and along the equator, tt X 7,926 7 = 24,902 
miles Once the size of the earth is known, it is an easy matter to calculate 
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the distance which separates any two places^ if their latitude and longitude 
are also available The position of a ship at sea with refeience to any port 
can be calculated within a few yards 



Fig 41 — A Star at AIeridian Transit Lies in the Same Plane as the OlserveP;> 
THE Earth’s Poles, the Zenith, the South and North Points or ihe Horizon, 

AND THE Earth’s Centre 

A straight line which does not he on some particular flat slab of space (or plane) can 
only cut It once A straight Ime which passes through more than one pomt on a plane 
therefore hes on the same plane as the points through which it passes The plane 
bounded by the observer’s great circle of longitude and the earth’s axis mcludes as 
pomts the earth’s centre, observer, and the earth’s poles The hnc jommg zemth and 
observer passes also through the earth’s centre> i e through more than one point on 
this plane Hence it hes wholly on the plane The north and south pomts ot the 
horizon he m the same plane as the meridian of longitude through the observer 
So south and north pomts, zemth, and observer, are all m the same plane with the 
earth’s centrejand poles A circle can only cut a plane m which it does not itself he at 
two pomts The circle drawn through the north and south pomts and the zemth passes 
through more than two pomts m the same plane, and therefore hes wholly on it So 
any pomt on this imaginary circle (the celestial meridian) is also on it* 

THE CONOTRUenON OF A STAR MAP 

Today we are all brought up to use maps An acquaintance with latitude 
and longitude is part of the equipment of a atizen for everyday life m an 
age of widespread communications over large distances. We shall therefore 
Snd It more easy to envisage the construction of a star map £com what we 
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have alieady learned m using an earth map Imagine a long stick connecting 
the celestial spJiere ^ith the ctnt^e the earth If we rotate it (Fig 4S') in 
a great seamcircle from pole to poie^ at wAi tiace out a mendian of longitude 
on the surface of the eax-tiis and a coj responding semici-cre which is called 
a meridian of ascctisw*! or the celesual spneie Aii obseiver** on the same 
semicircle of longioide ha'^e the seme local time Ttie} wJl all see an> 
celestial body of me same ngnt ascension crcosmg the inerid^an at the same 
moment The difference oetv^een the longitudes of any I’wo obser^eis will be 
the hour angle difference oetween tre corresponding senu circles of right 
ascension coinciding witn then celestial mciidians at the same moment If 
we imagme the sack to aOtate (Fig iO) so tnat it aiw ays cuts the earth’s surface 



OirjTZ 
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Fig 42 


Two stars in the northern half ot the celestial sphere^ one crossing*' thei^mendian 
north, the other south of the zenith If the star crosses north Declin = Lat of 
observer + mendian zemth distance If it crosses south I at of observer = Dech- 
nation -f meridian zemth distance, 1 e Dechn = Lat of obsers er — mendian 
zemth distance The first fonnula holds for all cases if we reckon as negative zemth 
distances south of the zemth, and latitudes or decimations south of the equator 


at the same distance from the equator, it will trace out a circle of latitude on 
the earth’s surface, and a corresponding circle of declination on the celestial 
sphere As the celestial sphere rotates around its axis m the plane of the 
equator, any heavenly body on this circle of declination will be seen exactly 
at the zemth when it crosses the mendian of any observer on the correspondmg 
circle of terrestnal latitude A star on any other declination circle will have 
the same mendian altitude for all observers on any one cirde of latitude 
If the de clinat ions and nght ascensions of the stars are tabulated, we can 
use any one of them to find latitude (Figs 42 and 43) or longitude The 
practical advantage of this is that ( 1 ) if we are travellmg rapidly, we can 
check our position at fitequent mtervals, (u) we are less dependent on contmu- 
ously fine weather, (in) we can make ^e necessary observanons at any time 
between sunset and sunnse since there is always some star near the mendian 
The construction of a rough star map which will give latitude and longitude 
within a d^ree is comparatively simple 
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To get the declination of a star m the northern hemisphere, find its altitude 
(measured from the north pomt) when it crosses the meridian This will be 
Its maximum altitude taken at mtervals of a mmute roimd about the time 
when its azimuth is nearly zero Subtract the local altitude of the Pole Star 

Fig 43 — ^Latitude, Declination, and Zenith Distance, at Meridian Transit 

In both parts of the following figure, COP = ZON, since COP is the right angle 
between the celestial equator and the polar axis, and ZON is the right angle between 
the zenith and the horizon 



For a star (A) which transits north of the zenith 


COP - AOP = ZON - AOP 
1 e Dechn = z d + Lat 
or Lat = Dechn — z d 



S' O “NT 

StsLT? 3 irdozsits scnxth of tTia 
For a star (B) which transits south of the zenith 

COP - ZOP « ZON - ZOP 
1 e Dechn -h z d = Lat 
or Dechn «= Lat — z d 

The first two formulae hold for both cases if zemth distances south of the zenith are 
reckoned as negative 

This gives us its angular distance from the Pole Star, i e its north polar 
distance within To the same order of precision the declination is 
90 ® — N P,D (Fig 24) The error is due to the fact that the pole is not 
exactly located at the point roimd which the stars appear to revolve Polans 
Itself describes a tmy circle of 1*^ round the true celestial pole The mean of 
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two determinations of the altitude of the Pole Star taken with an mterval 
of SIX months at the same hour of the mght gives a correct value In pnnciple 
this IS what we should have to do^ if we wanted to locate the pole of the 
southern hemisphere^ because there is no bright star near it There was 
no bnght star very near the north celestial pole m the time of Hipparchus 
The altitude of the celestial pole (P)^ w^hether south or noith (Fig 44), is 
simply the average of the altitude (A) of any circumpolar star at its upper 
cu lmin ation and the altitude {a) of the same star at its low er culmmanon, i e 

P = J (A a) 



+ B 


Fig 44 

The celestial pole is half-way between the positions of a circumpolar star at its upper 
and lower cuhninauon Hence the angle (B) between the celestial pole and a circum- 
polar star IS half the angle between its positions at lower and upper transit So if the 
altitude of the star at lower transit is a, and at upper transit A, A = a -h 2B The 
observer’s latitude is the altitude of the celestial pole 

I^t = £i-{-B = ^!i-f-J (2B) 

= ^2 + i (A — a) ~ i (A -{- fl) 

Havmg got P, the south polar distance of any star whose meridian altitude 
is M, is M — P, and its south decimation is 

90° — S P D 

It wuU help you to visualize the meaning of declination if you see how 
the declination of a heavenly body affects its direction of rising, settmg, 
transit, etc , by considermg the appearance of the heavens at some particular 
latitude, e g Lat 50° N m Figs 46 and 46 You see for instance that the 
plane of the midsummer sun’s (dedm = + 23i°) apparent diurnal path cuts 
the horizon plane north of the midpomt between the north and south extremi- 
ties of the horizon, so that the sun rises and sets north of the east and west pomts 
between March 21st and September 23rd and transits on June 21st 26 south 
of the zemth Between September 23rd and March 21st the decimation is nega- 
tive, being — 23J° on December 21st, and the sun rises and sets towards the 
south It transits only 16i° above the horizon at Jjat 60° N on December 21st 
Without making any measurements at all, you can get a good estimate of 
your latitude (L) if you know the stars by name and have an a lman ac at hand 
The following simple deductions illustrated m Fig 46 apply to latitudes north of 
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45® N A corresponding figure will show >ou how to modify rules (a), (£) and 
(c) for lautudes farther south 

{jd) If the declmaaon of a star is gre^*rei than n- 1.®^ the star is circvon- 
polar and transito north of the zemlh 

(5) If the declination of a star is e’s:actly -1 it is circumpolar and transits 
at the zenitii 

(c) If Its decimation lies between + L® and (90 — L)®, it is circumpolar 
and transits south If its decimation is exactly (90 — L)®, it lust grazes the 
northern horizon at lowei transit 



The sun at latitude 60® N transits on June 21st 26|f® S from the zemth and 61 above 
the southern horizon On December 23st it transits only 16§® above the southern 
horizon 

(d) If Its decimation lies between (90 — 1^)*“ and 0°, it rises and sets north 
of the east and west pomts of the hoiizon^ and transits south 

{e) If Its decimation is exactly 0®, it rises and sets due east and west and 
transits south 

(/) If its declination hes between 0° and — (90 — JSfy it rises^ sets, and 
transits towards the south 

(^) If Its decimation is exactly — (90 - L)®, it just grazes the southern 
horizon at upper transit 

It follows from these considerations that a table of decimations fixes your 
north latitude, if you can distinguish any star which transits at the zemth, any 
star which just grazes the northern horizon at lower transit, or any star which 
just grazes the southern horizon. In a similar way, you can find your south 
latitude if you hve m the southern hemisphere The previous figure (Fig 45) 
shows you that the lengths of day and mght are equal on the equmoxes, and 
that the lengths of mght and day are reapro^y equivalent on alternate solstices 
To get a picture of the nsmg and setting of a star at different times of the 
year, you need to know its R A and that of the sun, From^the diagram you 
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Will see that if ? star lias south dechnaL^oria J:v aevci, at tne latituae specihed^ 
be above the. horizon for half it's u-iumol coarse^ i e twehe hours This means 
that if It IS a \vmter sta ^ j.l wll tra^re^se xts complete co-iise o/er tie horizon in 
less tune than the duration of Qa-.lvnes3 tioucn s tlien greater tnan tw elve hours 
To lay oS tne otnei coorcLn?te of 2 s*‘€l corrcspcncii?g longitude^ we 
have to choose a base Ime in me ^_ca\ens * te me Grcen’"ki.c'i mer*dianj which 
iS usaaily ta'Jfen rs 0*^ for The one cLc^en is the semi- 
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Fig 46 

At Latitude 60® N 

Star {cl) dec l i na tion greater tLan 50®, is cucumpolar^ and transits north of the zenith 
Star (5) declination exactly 5U®, transits at the zenith and is also drcumpolar 
Star (e) declination 40® (N P 13 -= 50°), transits south of the zenith at its upper cul- 
nunanon and )ust grazes the horizon at its lower 
Star {d) declination less than 40®, greater than 0°, transits south, rises m the north- 
east and sets m the north-west 

Star {e} declination exactly 0®, nses due east and sets due west, transits south* 

Star (f) declination less than 0®, greater than — 40®, rises m the south-east, sets in 
the south-west and transits south 

Star {g) decimation exactly — 40°, just grazes the horizon at transit 


circle of right ascension on which the sun lies at the exact moment when it 
crosses the equator on the vernal equmox (Figs 47 and 48) Where the 
equinoctial mtersects with the ediptic m the sprmg position of the sim is 
called the First Point of Anes This is the celesaal Greenwich The Right 
Ascension of a star is the hour angle which separates it from the Right Ascen- 
sion circle which passes through the First Point of Anes. It is measured 
eastwards So it is obtamed by subtractmg the tune* at which the First Pomt 
of Ancs crosses the mendian fmm the time at which the star under observa- 
tion crosses the mendian It is therefore usually given m hours rather than 

* Strictly Sidereal (see p 80) The error m countmg it as solar for short periods is 
neglected 
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degrees (15® = 1 hour, or 1® — 4 minutes) This practice may at first confuse 
you, because degrees, hke hours, are divided mto mmutes and seconds So it is 
always important when speakmg of seconds or mmutes to make sure whether 
umts of time or angular measure are bemg used The signs ' and " are used 
for angular mmutes and seconds 

For rough purposes the method of findmg the R A of a star is therefore 
as follows Determme the time at which any star crosses the meridian after 



Noon at Greenwich on Alarch 21st Showing relation of R A , longitude, and time 
At noon the R A mendian of the sun m the celestial sphere is m the same plane as 
the longitude mendian of the observer If you are 30® W of Greenwich the earth must 
rotate ^ough 30® or of a revolution, takmg 2 hours, before your mendian is m 
the plane of the sim^s, or the sun must appear to travel through 30® before its mendian 
IS m the same plane as yours Hence your noon will be 2 hours behmd Greenwich 
A clock set by Greenwich time will record 2pm when the sun crosses your mendian, 
1 e at noon local time If the date is March 21$t when the sun’s R A is zeio a star of 
nght ascension 6 hours will cross the meridian at 6 p m local tune If it crossed at 
8pm Greenwich time your clock would be 2 hours slow by Greenwich, so your 
longitude would be 30® W The figure shows the anti-clockwise rotauon of the stars 
lookmg northwards^ so the south pole is nearest to you 

sunset on the vernal equinox The sun is ^pproxunately at the Fust Point 
of Anes at noon on that day So the number of hours which elapse between 
noon and the tune when the star crosses die mendian after sunset is approxi- 
mately Its nght ascension If a star is not visible on the mght foUowmg noon 
on the vernal eqmnox, we have only to compare its time of transit at a 
convement season with that of one which is visible throughout the year, e g 
a m Ursa Major. If it transits before the standard star, we subtract the 
difference from the R, A of the latter Ifit transits later, we add the difference. 
If It rams or the sky is overcast on the mght following the vernal equmox, we 
can use the stm as our standard star, taking its nght ascension as 6 hours on 
June 21st, 12 hours on September 23rd, or 18 hours on December 2l8t, 
and so forth. Smce the sun retreats eastwards through 360° m 365 days, its 
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R A increases from 0° at the vernal equmox to 300° at the next b> roughly T 
per day 

Hence^ if the R A of Betelgeuse is stated to be approximately 5 hours 
50 mmutes, this means that Betelgeuse transits 5 hours 50 mmutes after the 
First Point of Anes or approximately at 5 50 p m on the day followmg 
the vernal equmox (Fig 4S) It will therefore be imisible at the time of 
transit smce the sun has not quite set A month earher (30 days) the sim 
would not yet have reached ^ m its annual retreat east\^ard m the ecliptic, 
and its R A would be 360® — 30® = 33(P approximately, or m time units 
22 hours Thus the sun would tiansit 2 hours before ^ , and the star would 



The star shown (R A 6 hours) makes its transit above the meridian at noon on June 21st 
and midnight on December 21st, i e it is a wmter star like Betelgeuse 

therefore cross the meridian 7 hours 50 mmutes after the sim, i e at 7 60 p m 
A star will transit at midnight when its R A differs from that of the sun by 
ISO®, or 12 hours Hence Betelgeuse would transit at midmght when the sun’s 
R A IS 17 hours 60 mmutes, i e when the sun’s R A is about 10 mmutes 
behind its R A on December 21st Smce 10 mmutes m time represents 
(10 — 60) X 15 == 2f®, this IS approximately 2| days before December 21st, 
1 e about December 19th 

Alternatively you can look on the R.A. of a star as a way of determmmg 
local time at mght Thus, if the R A of Betelgeuse is given as 6 hours 
60 mmutes, and the date is November 1st, we can set a watch which has 
stopped by finding the moment at which it crosses the mendian On Novem- 
ber 1st, 39 days after the autumnal equmox (when the sun’s R.A. is 12 hours 
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or 180°) the son’s R A is approiomately 219°, or ^12+^^ hours=14 hours 

36 minutes The sun therefore transits 2^ hours — 14 hours 36 nunutes = 9 
hours 24 minutes before ‘Y’j or 15 hours 14 nunutes before the star When 
Betelgeuse tiansits the local time is therefore 15 14 p m , or 3 14 a m You will 
see from this that a single glance at a table of R A teUs you whether a stai 



Fig. 49 — Star Map (or Planisphere) to Illustrate Relation oe Righe Ascension 

TO Local Time or Transit 

If the sun’s R X is jc it transits jc hours after the zero R A circle (through the First 
Point of Aries) It the star’s R A is y, it transits y hours after T The star therefore 
transits 3 ; — x hours after the sun, 1 e its local tune of transit is Cv — x) Hence 
Star’s R A ~ Sun’s R A = Local time of transit 

It may happen that the ditfexence is negative, as m the example m the figure, the 
local time of transit bemg — 15 hours 9 mmutes, 1 e 35 hours 0 minutes before noon 
which IS the same as 8 hours 51 nunutes after noon (S 51 pm) The ftguic shows that 
the sun transits 3 hours before T, and the star 5 horns 51 mmutes after, makmg the 
time of transit as 'Stated The orientauon is the same as m Fig 47 


IS m the ascendant m summer, wmter, spring, or autumn That the R A 
of Betelgeuse is 6 hours 50 mmutes means that Betelgeuse occupies the same 
position m the cdeslial sphere as the sun does approximately 10 4, or 

2J days before June 21st (when its R A is 6 hours), 1 e about June lOth- 
Hence it will transit 6 months later at midmght fabout December 19th), 
and IS a wmter star. 

In taking the position of ^ as the sun’s position at noon on the vernal 
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cqumov tneie is a small maccurccy ^ Tl^e '%aj m which we actually determine 
the v’einal equino-'v does noc meat tra tl e sap .s e\aatlv oser the equator 
at local noon on taat cey Hence me i? poi- enjc. w e. Jie Fursi Poirt of 
Aries ''hen it crosses tne Te^.u'a i. T m > CiPe.’ cc.^non *3 chosen as the day 
on which the sun at nooi is nc-rc. o me •>: le orthe ecia*-. then it is on 
the day before or the d- a:.ei I s c..c_, me Fm/. -o-ni of Aries 

some tune on the vernal cq_jAiO' ^ mat o S'*! ^ m iJ cefore noon 

or after noon Since il sups Oac^^ eas~aios '■ e c>e ci j .‘ex das of 24 
hours, the meJeod given coes no. m'cne m mm. of mo ’'than or “■» 
mmutes of time m ngh. ascersmn Tie :_ 3 ^s a3ce',.on at noon on 

the \einal eqmnos^ AereAOa.e^ nes &oaveein -3 ns">*rs 5j> and 


^ J m 35 AJLJU 

0 hour 2 minuLes WiJi home-mree perils e c^r be \en 


: satis- 




T^ie sun crossing the equator Above just oefore Nijrcii 2 Istj sun south of the equatoi> 
dcchi^tion (noon z cl of sun as seen oy an obser\ ei at the equator) negative Below 
jutit after March 21st decimation positive 

fied with an error as small as this It only mvolves an error of m 
longitude At the equator that means a distance of roughly (27r x 4^005) — 
(2 X 300), or about 35 miles m a measurement round the earth 

For more accurate determination of the R A of a star we require to know 
when the sun ‘^crosses the equator,” i e when it is exactly at the pomt when 
the cchptic intersects with the equmocrtial Over the equator the sun is highest 
at noon on the equmox, bemg south of the zemth (z d negative) on the day 
precedmg the vernal equmox and north (z d positive) on the day following it 
(Fig 50) Smee the decimation of a heavenly body is its 7 d m meridian transit 
at the equator, the decimation changes from negative to positive through 
zero The time at which the sun crosses the equator can be found approximately 
thus Suppose the declination of the sim by z d at noon is known for the day 
before and after the equmox, so that 

Decimation at noon March 20th = — D 
Decimation at noon March 22nd ^ d 

* See also footnote on p 01 
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In 48 hours the increase m declination is therefore 


In t hours it is 


d - (- D) == d 4- D 


J + D 
48 


X t 


If t hours after noon on March 20th is the time when the sun crosses the 
equator^ the declination mcreases from — D to 0 in t hours, i e the mcrease 
IS D 


48 

48D 


X t 


If the time is reckoned from noon on March 21st, it is 


t 


- 24 == 


24(D - d) 
D 4- d 


Suppose, then, that the sun crosses x hours after noon In these a (= t — 24) 
hours It advances east towards ^ at the rate of 1° or an hour angle of 4 mmutes 

43C X 

per day, i e it will ^ ~ ^ minutes m time units west of ^ at noon Therefore 

X 

<Y’ crosses the mendian - mmutes after noon, and the sun’s R A at noon is 

X 

— - mmutes expressed m time units This quantity will have to be added to 

the difference m sidereal tune after noon when a star crosses the mendian to 
get Its true R A So if the time of transit of a star is T hours after noon on the 

equmox, its R A will be T + — T — g Accordmg to Wkitaker^s 

Almanacky 1934, the decimations of the stm at noon were 

March 20th — 19 2 mmutes (angular umts) 

March 22nd + 28 2 minutes (angular umts) 

Hence the time after noon March 21st when the sun crossed was 


24(D - d) 
U +d 


— 9 X 24 
47 4 


= —46 approx 


1 e the sun crossed the equator 4J hours before noon or at 7 30 a m, on 
March 21st Hence the time at which T crosses the mendian is 


4 5 


mmutes — 45 seconds (approx ) 


before noon and the R A of the sun at noon is 46 seconds. This must be added 
to the time which elapses between noon and the next transit of a star to get its 
correct R A m time units 


It IS important to bear m mmd that mapping stars m this way is merely 
a way of teUmg us m what direction we have to look or to pomt a telescope 
m order to see them The position of a star as shown on die star map has 
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nothing to do witn how far it is awa> fiom us If you dug straight down 
following the plumbline^ you would e\entually reach the centre of the earth, 
and the bottom of a straight well, as \iewed from the centre of the earth, 
if that were possible, would theiefore be e\actl> m hne with the top It has 
the same latitude and longitude as the latter, though it is not so far away 
from the carth^s centre The latitude or longitude of the bottom of a nune 
IS the latitude and longitude of the spot where the Ime joining it with the 
centre of the earth, if continued upwards, cuts the earth’s surface So the 
decimation and right ascension of a star measure the place where the Ime 
joimng the earth’s centre and the star cuts an imagmar^ globe whose radius 
extends to the farthermost stars In a total eclipse the sun and the moon 
have the same declination ana R A just as the top and bottom of a mme 
have the same latitude and longitude Tins means that the sun and moon 
aie directly m Ime with the centre of the earth like the top and the bottom 
of a mme If we are only concerned with the duection along which we have 
to look or tilt our telescope to see a star, we may therefore treat stars as if 
they were all placed on the surface of one and the same celestial sphere 


INTERPRETATION OF THE STAR MAP 

Havmg determmed the relative positions of a sufficient number of bnght 
stars — ^Hipparchus tabulated 1,080 fixed stars in 150 b c — we can construct 
a star map like that of the northern celestial hemisphere m Fig 51 Such a 
map or plamsphere embodies m a compact form all the requisite data, set 
forth with more preasion m nautical almanacs, for finding the position of 
a ship at sea * 

To find latitude from the decimation of any star which is near the meridian 
at the tune when we require to know where we are, we make use of the 
simple rule explamed m Fig 43, i e 

Decimation == Latitude + Z D or Latitude = Declination — ZD 

To make this apply to all circumstances, it is necessary to reckon z d with 
opposite signs north and south of the zemth, and latitude or declination wuth 
opposite signs north and south of the equator By agreement, north measure- 
ments are reckoned positive, south measurements negative Thus, as you will 
see from Fig 43, with northern latitudes we may distinguish three cases 

(a) Star north of the equator and zemth Declination and z d both 
positive L == D — Z 

(jb) Star north of equator, south of the zemth declination positive, z d 
negative L = D + ( — Z), L = D — Z 
(c) Star south of the equator and zemth • decimation and z d both negative * 
D - C— Z) — C- D), L - D - Z 

For latitudes south of the equator the three corresponding cases are 
(a) Star north of the equator declination and z,d both positive 
(- D) == Z - D, L = D - Z 

* The first hmt of such a model seems to have been given by the Athenian Eudoxus 

0 
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(Jb) Star south of the equator, north of the zenith declination negative 
and 2 d positive ( — L) = ( — D) + L = D — Z 

(c) Star south of equator and zenith declination and z d both negative 
c- L) == (^ D) - (- Z), L = D - Z 

If we know the declination circle of any star on the star map, we have 
only to determine its zemth distance at meridian tiansit to obtam our lati- 

"yQxch 21 


V 



Sept 23 
Fig. 61 

Star map or planisphere showing the position of a few ot the prmcipal stats and 
constellations m the northern celestial hemisphere m circles of declination and ladii 
of right ascension The sun’s track m the ecliptic and its posmon at the solstices and 
equinoxes are also shown 

tude For example, on a certain mght the altitude of the star a m Cassiopeia 
from the northern honzon was found to be 83® 10' at its upper culmination 
The declination of a Cassiopeiae is given m the Nautical Almanac as 56® 11'. 
From the observed meridian altitude the zemth distance of the star at the 
ship’s latitude is found to be 90° — 83° 10' -= + 6° 50' Smee 

Latitude = Declination — ZD 

the latitude of the ship was 


56° 11' — 6° 50' == 49° 21' N 
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Now that we have clod’s, the ^eterr.uiiation cf ioagitude ma\ be illustrated 
by the following esamp'e in die dct > gi' en are not verv accurate 

On Jc'nuary 2lsi die cisr is ci«'ss ij: ’he .ner'dian *shen 

the ship's chiono,''c.er 'G-e-nwch . Icr-. les-s.crs 11 ‘JO pm The 

R A of Bete.ge'iSe j.s t> nc-’s llfl * / ,.’r nea-tst 'rinui.e' Hence 

6etelgei-se crosces tnsr.c„i n 5 nci.-'s ”2 m.r'u e*. "fi-er ’ If ns are without 
an almanac we can xnahe a estcxiiLS oi o«^i lon^itucis a® Ibllotvs On 

January 21sv tine sun a<as niO\,ec ihiio-j'i TVtL of its ,*pp"reni annual retreat 
imce Decembsi 21st n .ten .‘s 3 .-i s IS houis Sc Czs R A o^ the sun on 
January 2 is: is ap^j-’orimiwtu, 20 bee’s, an,- ” crosses tiie niendiars 4- Lours 
after tne sun, i e ai 4. p m Ksnes EC'e^.ge,. -c cic^ses tne meridian at 
5 hours 52 minutes + -i horns = £ no.rs -utc' af’er 'ocal noon So 

by local ome its tirre cf transit is 0 52 j ra NcgiCcti’’;^ me ' equation of 
time,” local lime ,s mercfoi'’ i tour ?8 mmu'es or 1 ’ ars behind Green- 
nicb, and ihe sbi,’ is aopiosumatciy 1; I’f — 25°^"^ of Greenwich 

The almanac foi 1937 tells us that tfie sun’s neon I, A at Gresnvi ich on 
Januarv 21st is 20 hours 13 minute® So its R -V at 11 30 pm is about 
20 hours 15 minutes, and the local ume at r.hich Betelgec’e transits is 3 hours 
45 mmutes + 5 hours 52 mmutes, i e 9 ho. .s SI minutes The almanac 
also states that we must ada 11 mmufes 24 seconds ('“equation of tune”) to 
“apparent” (i e sundial) time to get mean time We must therefore take avay 
11 mmutes 21 seconds from the chronometer nme to get true solar local 
tune at Greenwich Hence the Greenwich solar time of transit is 11 hours 
19 mmutes Thus the ship’s timeis 11 hours 19 minutes —9 hours 37 mmutes 
= 1 hour 42 mmutes slow Counting 4 mmutes as equivalent to one degree a 
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more accurate estimate of the lon^tude is therefore — 25J“ W 

From these examples you wiU see that with modem methods of recordmg 
tune, a ship’s position can be detemuned at noon, sunset, midnight, and 
sunnse, or at any hour between sunset and sunrise, if the weather is fine 
When the sky is overcast so that the fanubar constellations arc difficult to 
recognize, tbe star map also helps us to locate a particular star m a fiivourable 
position for observation, provided we already know our approximate bearmgs 
by a recent determination In navigation the exact moment of transit of a 
star IS not easy to record It is usual to note the times when the star has the 
same altitude before and after transit, i e east and west of the meridian The 
time of transit is midway between 

Lookmg at the map in Fig 61 you will see that the summer star Arcturus 
of Brownmg’s poem hes near the right ascension hne XIV, i e it comes 
on the meridian about 2 a m on March 21st, about midmght Apnl 21st, 
about 8pm (or about simset) on June 21st On October 28th it is on the 
mendian about noon So it will not be visible high m the heavens at any 
time on the latter date To get a picture of its hours of nsmg and settmg, 
we can make a rough construction by taking mto account its declination 
cirde (approximately 20°) The diagram (Fig 62) shows that the sun rises 
and sets about 7am and 6 p.m. respectively Arcturus rises and sets at 
4am and 8 pm. respectivdy So Arcturus will be visible in the eastern 
■tqr for three hours b^ore sunnse and in the western dty after sunset. 
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The use of the star map to determine the azimuths of rismg and settmg, 
as also the times of rismg and settmg at different seasons^ will be set forth 
more fully m Chapter IV, p 196 The method of finding the moon’s RA 
and declination on days of the month, when it does not transit after dark, 
will also be explamed in the same cxintext What has been said about Arcturus 
suffices to illustrate the most characteristic features of the lunar cycle The 
moon’s R A mcreases by 360 degrees m a period a httle less (Fig 53) than an 
ordinary month reckoned from new moon to new moon It has to move through 
a htde more than 860° to catch up with the sun, because the sim’s RA is 
slowly mcreasmg at about one-twelfth the rate at which the moon recedes 
eastwards among the stars If the moon’s retreat eastwards occurred in the plane 
of the celestial equator, it would rise due east at noon, transit at 6 p m and set 



Fig 52 

Construcuon to show how the tunes of nsmg and settmg of a star (Arcturus) can be 
deduced &om its declinauon (20° N ) at a parucular lautude (50° N ) on a particular 
day of the year (October 28th) 


due west at midnight on the first quarter day, nse due east at 6 p m , transit at 
midmght and set due west at 6 a m when full, rise due east at midmght, transit 
at 6 a m and set due west at noon on the last quarter day The time and direction 
of nsmg and settmg m the vanous phases of the moon vary from month to 
month because the moon retreats m an obhque path, like that of the sun, 
among the zodiacal constellations As will be explamed below (see also Fig 53), 
the trace of the moon’s cycle on the star map hes very close to the echpuc So 
the moon’s cycle exhibits certam analogies with that of the sun* 

In a northern latitude a star with north decimation like Arcturus traces a 
wider arc above the horizon than a star with south declination like Sinus, the 
mterval between nsmg and setting bemg more than 12 hours for a northerly 
and less than 12 hours for a southerly star Smce the sim remains longer above 
the horizon when it lies m the same direction as the northerly constellatiQns of 
the Zodiac durmg the summer months, summer days are longer than those of 
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the winter When the sun iS in Aries or L,ibxa (using the terms in their historic 
senscj see p 64)^ its declination is charging xei'v rapidly When in Cancer or 
Capricorn it is apparently retreaong m a direcucn approMmately parallel to 
the equator, and hence its decimation is changing less rapidly For this reason 
the length of day and night changes "^j-exy httle about the time of the solstices 
and more noticeably durmg spimg and autumn, when me days are said to be 
‘‘drawmg out” or “drawmg m ” 

Smee the moon lakes longer to get cack to the same position relame to the 
sun (difference between sun's R A and moon s R A 360") than to regam its 
foimer position among the fixed stars (moon’s RA mcreased by 300") the 
moon’s station in the zodiacal belt at any particular phase (position relative 
to the sun) is not the same m two successive months, and smee its northerly 
decimation is mcreasmg most rapidly when it is m Aiies, the ^^moon day” 
IS drawmg out, i e the duration of its passage above the horizon is mcreasmg 
most rapidly at this stage m its eastward retreat This means that the time 
of rismg on the succeedmg mght is not so much later as it would be if the 
moon retreated m a plane parallel to that of the equator Conversely the m- 
terval between sunset and moonrise on successi'^’e mghts mcreases rather 
quickly when the moon is m Libra, smee the moon’s decimation is then de- 
creasmg most rapidly Smee full moon occurs when the moon’s RA differs 
from that of the sxm by ISO®, the full moon is m Aries when the sun is m 
Libra, i e at the autumn equmox About the full moon (""harvest moon”) near 
the autunm equmox the time of moomise changes very httle on successive 
mghts So the mterval between sunset and moonnse just after full moon 
changes very little, and there is a relatively long period durmg which the moon 
IS high m the heavens for the greater part of the mght 


Careful observation of the lunar cycle was a task of great social importance 
while calendncal practice adhered to the chimencal attempt to square the 
primitive lunar calendar of a hunting and food-gathenng stage m social 
evolution with the stellar or solar calendar of a settled agrarian economy 
The mantime Greeks (see p 65) started off with a far more primitive 
calendar than that of the Egyptians, and this fact may have contributed to 
the firuitful fusion of navigational astronomy with calendncal practice At a 
later date lunar tables had also to be composed fox calculation of longitude It 
will help you to understand how they are made, and, later on, to calculate the 
position of the planets, if you plot the moon’s apparent track from one of 
the ephemendes sold for astrological amusement, or from Whitaker's 
Almanack^ as m Fig 53 This gives its position on the star map from 
January 3rd to 30th m the year 1894 New moon occurs when the moon’s 
R A is the same as the sun’s, full moon when it differs from that of the sim 
by 180® We find from Whstak&r that the moon and the sun have the same 
R A at some time between noon and midmght on January 7th of the month 
plotted in the figure The foUowmg figures are for midnight, the values 
given in time units being turned mto degrees, and obtained by ta k i ng the 
average for successive noons 


Sun’s R A (S) 
(midnight) 

288i 

289i 


Moon’s R A (M) 
(^midnight") 

287i 

300i 


Difference 
(S--M) 
+ 1 
—11 


January 6th 
January 7th 
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The sun’s R A exceeded that of the moon by roughly 1° ai rmdmght on 
the 6th By midmght on the 7th the moon’s R A exceeded the sun’s by 
roughlj 11°. Hence new moon occurred m the early hours of tne mommg 

Tvrst pexvrvb 
oF Acres CY5 


Jan 11 


JAN 21 


Jan 23 



Tin 15 


J&rv,3 



Jaii3dT\^ 

Jan 28 


Janua;^ 1&P4- 


HpJuly mocnv 

^ yOkn 21) t 

^Jan 22 / 


M 


van 24 


Jan Zt 


JFig 6i 

The moon’s comse as represented m the star map m the course of a sideteal month 
(see text) The nodes occur at positrons occupied by the moon late on January 1 3th 
and January 26th 


on January 7th Full moon occurred soon after noon on January 21bt Thus 
using midmght values as before, Whitaker gives 


January 20th 
January 21st 


Sun’s R A 
303i 
304i 


Moon’s R A 
1144 
130^ 


Difference 

+ 18S| 
+ 1734 


'Ihe next new moon occurred m the evening of February 6th. Thus* 

Sun’s R A Moon’s R A, Difference 

319i 8094 +9i 

3204 32l| —14 


February 4th 
February 6th 
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This shov/£» that the period which seoitiates one new moon from the next 
IS between 29 and 30 da;^o T^ie a\e.age of determmations shows that 

It almost e^^rctlp 20^ days 

The interval te^^een r.tc mcor'' vn-n ine son moon, and earth 
are in the Lame aS ca-iSC trc ^tc mcitc The svnodic 

moati? *s not che srme ao tno tJxeiT' L» Toon ^ in its oibil 

This time — the ect momh — ^xs nie tim® j. u n-cn me inocn gets back to 

me same posmon wxtn refe.ence m me fr ed s^^jrs 3 * a me Urne for its 
R A to inc***ease by SGO®^ sa that i. has me same value The sj nodic month is 
longer than the Sidereal becaase ine san s R mcroases in me course of 
the month When tne moon’s R /a ^s the as v .lat i*. s at the last ne\\ 
moonj the sun’s R A is greater lienee^ ti-e zr'oon tc mo'" e farther to 
catrn ’t up The Sguie shows }Ou that the sidereal monm is >ust o\er 27 
days Daily record of its R A shows t*iat vame‘ recur at di\eragc mtervals 
of almost exactly 27 J days The. exact time at which the moon regams the 
same R A can be easily interpolated from daily recoids of its transit, and 
smee we know the sun’s daily change m R A ue can easily deduce the exact 
time of the new moon ITie exact time of recurrence of two new moons, 
1 e the length of the synoaic month, is connected with the length of the 
sidereal monch by a very simple formula The sun moves through SOU® of 
R A m Y days (one year) The moon moves through 360® of R A in S days 
(one sidereal montn) and gains 360® on the sun, so that they both have the 
same R A m M days fone synodic month) Thus, 


in one day the sun’s R*A, increases 


3b0® 


360® 


m one day the moon’s R.A, mcreases — ^ 
m one day the moon’s R A gams on the sun’s b> 


3C0° Si'O'* 
“S Y~ 


300° 

But in one day the moon gams m R A. 

360 360 360 

’• M “ S ~ Y 
111 
M” S Y 

If S IS 27J and Y is 365i 

M ■" 82 1461 

M = 29 J (approx ) 

The same figure also shows us the nodes where sun and moon have the 
same declination corresponding to the same R A Smee ecdipses can only 
occur if the moon is near a node, and when the sun’s R A is the same as that 
of the moon (solar eclipse) or difiers fiom it by 180° (lunar ecbpsel, we can 
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calculate the time of eclipses by observations of this kmd Repeated records 
show that the position of the moon’s node rotates along the ecliptic m accord- 
ance with the rule empirically discovered by the Sumerian pnests (p 46) 

By knowmg the exact length of the sidereal month we can calculate the 
time of an occultation A star or planet will hide behmd the moon’s disc at 
the day and hour when its R A agrees with that of the moon and its dechna- 
tion does not differ from that of the moon by more than half the angular 
difierence of the two edges of the latter The angular diameter of the moon 
IS almost exactly (i e we have to turn a telescope through to focus the 
two edges successively at the centre) To make such forecasts far ahead it 
is also necessary to take mto account the rotation of the nodes If we have 
tables of the moon’s R A and decimation on a given date at some stated 
longitudes we can compare the time of local noon with noon at the stated 
longitude by notmg the mterval which elapses between local noon and the 
time when the moon has the R A or declination tabulated for a particular 
hour 

The prmaple which was refined for use m British navigation by Newton^ 
underhes the so-called ‘‘method of lunar distance ” It is referred to m a 
twelfth-century treatise by the monk Gerard of Cremona^ who translated 
several Arabic versions of the Alexandrian astronomical works Gerard (cited 
by Wnght, Ists^ vol v, p 83) states 

When the moon is on the meridian, if you compare her position with that 
given m the lunar tables for some other locahty, you may determine the differ- 
ence m longitude between the place where you are and that for which the lunar 
tables were constructed by notmg the differences m the position of the moon 
as actually observed and recorded m the tables It will not be necessary for you 
to wait for an echpse 

Portuguese ships, which earned Jewish astronomers schooled m the 
Arabic cartography, already practised this method m the fifteenth century 
In an early sixteenth-century treatise on navigation elucidated by Professor 
E. R G Taylor, we find a reference to its use by the seamen of Dieppe 
The passage is worth quotmg, because it shows the eagerness with which 
mediaeval shippmg everywhere made claim to astronoimcal saence (cited 
from Geographical Journal^ 1929) 

The cartographical work of Jean Rotz is typical of the French school of 
the fourth and fifth decades of the sixteenth century (e g Descehers, Valiard); 
nor IS his treatise on Nautical Science umque, save m its survival The 

title runs “Treatise on the variation of the magnetic compass and of certam 
notable errors of navigation hitherto unknown, very useful and necessary to 
all pilots and marmers Composed by Jan Rotz, native of Dieppe, m the year 
1642 ” * , In a long and flattermg preface to the King, the writer says 
that he comes before him not empty-handed, but bearmg a book and an mstru- 
ment for his acceptance the book composed for all those who wish to taste the 
pleasant fruits of Astrology and Marme Science • The third part treats 
of the construction and use of the mstrument, which the mventor calls a 
Differential Quadrant. Actually it is one of the precursors of the theodohte, 
and a very elaborate one. The large magnetic compass set m the honzontal 
circle suggests a marme oongm, and it may be compai^ with the contemporary 
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instruments designed for taking horizontal bearmgs hy such landsmen as the 
brothers Arsemus^ which were Oxientated by tmy compasses mset on the 
margm Like Waldseemuller'‘s Pol 3 rmetrum 5 Rotz* instrument could take a 
combmed altitude and czimutn, but xts prime par pose was for the accurate 
determination of the 'variation of the compass He gives two supposititious 
examples of longitude deteiinm.*tioni as toLowa “^e d>cts que le de 
Janvier 1529^ mo> estant dessus mei voul4*s scavou la distance de mon 
meiidien au meridien dmme ” At suniace then, \vh?ch occuircc at eight o’clock, 
he took his astronomer’s staja ^‘dict par les maimers esbalester^’ and measured 
the distance between the sun ana moon, nrvUig it 4i Two fohos of comph- 
cated calculations follow, ana 5nall3, takmg Vrzr to be m 17 N , 30' 20' E , 
the requited longitude is founa to be ICO' E of Ferro ^ e somew^here east 
of the Moluccas Usmg m the second example the moon and a fixed star, he 
says, ^‘Moi estant sur la n^er veulant scavoir la distance de mon meiidien de 
Dieppe, prenuerement )e rectifies mes ephemendes ou tables dalphonse au 
mendien de dieppe at pms je regard le vrai lieu de la lime pour ung certame 
heure de la nuyt,” namely ten o’clock, when he finas it 16= m Taurus, and 
determmes its declination He also finds the right ascension of the star Aldebarar. 
“aprez toutes rectifications faictes destiez” 2^ iS' m Gemtm, and its decima- 
tion 15° 65' N “Et notte ycy ung pomet cest qml est necessite que tu rectifies 
ton heure par en moyen des equations des heures mis aux tables dalphonse ou 
aux ephemendes ” Agam, a couple of foLos are occupied by computations, 
and the longitude works out as 229° 30' E , or somewhere m mid-Pacific 
This Dieppe seaman had no reason to complam of his personal reward at the 
Kmg’s hands He was taken mto the royal service, and described himself as 
^servant of the Kmg” m the Boke of Ydrography (written m Enghsh), the 
preparation of which was his first ofiSaal duty At Michaelmas m 1642, he 
received a payment of £20, bemg one-half of an anniuty of £40, then a very 
considerable sum, while on October 7th of the same year he w^as granted papers 
of denization for himself, his wife and children 


CULTURAL FRUITS OF THE ALEXANDRIAN STAR MAPS 

The star maps of Hipparchus (c 150 bc) differed m one parucular 
from those which are usually used today They showed the star’s position 
(see Chapter IV, p 220) m circles like circles of dechnation drawn parallel to 
the echptic instead of the equator, and meridians radiating firom the pole 
of the cdiptic plane When tihe plme of the echptic is used instead of the 
equator, the angles corresponding to nght ascension and dedmation are 
called celestial longitude and celestial latitude The reason for choosmg the 
echptic VTas that the moon and planets all revolve very nearly m the same 
plane as the sun’s apparent track The reason for prefernng the equator is 
first that nght ascension and dechnation are related m a simple way to 
longitude and latitude on the earth itself, and second that the determination 
of nght ascension and declination mvolves no elaborate calculation when 
the tunes and altitudes of mendian transits have been recorded 

The first consideration was not obvious when star maps were mtroduced 
Latitude and longitude were originally devised to desenbe the relative 
positions of objects on the celestial sphere It was a short step to the recog- 
nition that the earth itself can be divided mto similar zones with simple 
relations to the fixed stars Marmus of Tjxc is credited with the preparatioiu 

n* 
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of the first teirestrial map m which meridians of longitude and parallels 
of latitude v^ere laid down One immense cultural benefit of this was the 
e'^tent to winch it broadened man^s knowledge of the habitable earth You 
will appreciate th*s by comparmg QFig 35) the woild picture of the Greeks 
with that of Ptolemy (c 200 ad), who garnered the fruits of Alexandrian 
astronomy m a work which usually bears the name of its Arabic translation 
Jewish scholars, who sustaoed the tradiuons of the Moonsh umversities 
of Toledo, Cordova, and SevJle, after the Christian conquerors had replaced 
the pubhc baths by the odoui of sanctity, handed on the Almagest to 
European navigators 

At first sight It naght seem strange that m eiplorauon the achie'vements 
of the Alexandrians and the Arabs, who kept astronomy alive in the dark 
ages of Faith, were so small as compared with those of their pupils m the 
fifteenth and sixteenth centuries For several reasons there was an mescapable 
lag between the theoretical equipment which Alexandrian saence bequeathed 
and Its full use m navigation One is that the Alexandrians had no convement 
portable mstrument for recordmg time On land, crude measurements of 
longitude could be made by lunar methods with the help of hour-glass^ or 
water-docks At sea, methods of determining longitude known m antiquity 
could not be used The need for seekmg out new methods did not become an 
acute technological problem so long as a large part of the globe could stiU 
be explored by sailing dose to the coast 

In the great voyages associated with the names of the pharaoh Necho, 
and wnth the Carthaginian Hanno m antiquity, knowledge of latitude was 
adequate for the purpose of locatmg a place, because all the long distance 
expeditions of antiquity steered a northerly-southerly course along a coast- 
hne The same remark apphes to the early expeditions of the Portuguese 
and Dieppe shippmg guilds The need to determme longitude became a 
real and acute on^ when the mtemational exchange economy entered on 
Its last phase at the end of the sixteenth century Oarless ships then ventured 
out mto the uncharted west far beyond the sight of land, eqmpped with 
wheel-dnven docks To be sure, they were dumsy and inaccurate instruments 
accordmg to our standards, yet an immense convemence when compared 
with hotir-glasses The ships of Columbus, Vespucci, and Magellan had to 
put mto port to take a bearing m longitude None the less, what observations 
they succeeded m recordmg mtroduced a new assurance mto navigation 
and created the technological problem which m turn stimulated the develop- 
ment of optics, dynaimcs, and terrestrial magnetism 

A passage m EDakluyt’s voyages is worth quoting to emphasize the import- 
ance of the new orientation which transatlantic navigation mvolved It 
occurs m a letter of Thomas Stevens firom Goa in 1579. 

Being passed the hne, they cannot straightway go the next way to the 
promontory, but according to the wmde, they draw alwayes as neere South 
as they can to put themselves m the latitude of the pointy which is 35 degrees 
and a halfe, and then they take their course towards the Bast, and so compasse 
the point But the Wmde served us so that at 33 degrees we did direct our 
course towards the pomt or promontory of Good Hope. You know that it i$ 
hard to saile ficom Bast to West or contrary, because there is no fixed point m 
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Fig 54 — The Astronomek Mapping ihc Hr wens 
A woodcut from the title page of Alessahalah, De ^cientia nzotus aois, pimted by 

Weissenburger m 1504. 

ambassador of Henry VIII to the Emperor Charles^ pomts to considerations 
of high pohtics conspirmg with mere convemence to promote the study of 
longitude 

Now for that these Islands of Spicery fall neere the terme and hmites 
betweene these princes (for as by the sayd Card you mav see they begm from 
one hundred and sixtie degrees of longitude, and ende m 215) it seemeth all 
that falleth from 160 to 180 degrees should be of Portmgal and all the rest 
of Spame And for that their Cosmographers and Pilots coulde not agree m 
the situation of the sayde Islandes (for the Portmgals set them all withm 
their 180 degrees and the Spamards set them all without) and for that m 
measuring, all the Cosmographers of both partes, or what other that ever 
have bene cannot give ccrtame order to measure the longitude of the worlde. 
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as they doe ot the latitude, for that there is no starre fixed from East to West, 
as are the starres of the Poles from North to South, but all moveth with the 
moovmg divine, no maner can bee founde howe certamely it may bee measured, 
but by conjectures, as the Navigants have esteemed the way they have gone 

The influence which Ptolemy work exercised m the period which immedi- 
ately preceded the Gieat Navigations may be illustrated by a passage fiom 
Roger Bacon’s Opus Ma]u^^ cited by Professor ERG Taylor* 

Again m the second bock of the Almages he wrote that habitabihty is only 
known m respect of a quarter of the earth, namely that which we inhabit 
Whence it follows that the eastern extremity of India is a great distance from 
us and from Spam, smee it is so far from the Arabian Gulf to India And 

so m the two quarters beyond the equmoctial (i e the equator) there will also 
be much habitable land. 

In Pierre d’AiUy’s Imago Mundi the passages which greatly influenced 
Columbus are mainly taken from Roger Bacon In Roman Alexandria such 
possibihties could be entertamed with a hght heart The temper of Bacon’s 
times was different To quote from Professor Taylorf once more, 

many thinkers accepted the view found m the De Sttu Orhis of Pompomus 
Mela, namely, that a habitable region, girt about by ocean, was to be found m 
each of the temperate zones, separated by a torrid zone impassable because of 
the heat Supposmg this to be the case, and that the Anticthones actually did 
exist, then these people were for ever cut off from the means of Salvation it 
was for this reason that St Augustine, m an oft-ated passage, condemned such 
a view as heretical 

Another fact m the everyday life of ancient times made it difficult to 
exploit the discovenes of Alexandrian astronomers to the fullest extent 
Some celestial phenomena, e g the precession of the equmoxes or the 
motion of the moon’s nodes, cannot be detected durmg short penods of 
observation without very accurate mstruments such as we possess today 
Although the first of these was discovered by Hipparchus, there were many 
others which escaped attention till modem times Hence, astronomical tables, 
based on the prmaples we have dealt with so far, were hable to become out 
of date, 1 e inaccurate, m a comparatively short time The older almanacs 
stood m need of constant revision The mtroduction of prmtmg into Europe 
on the threshold of the Great Navigations made it possible to mamtam a 
fresh supply of almanacs for nautical use,4. besides mcreasmg the proportion 
of people who were able to use them and distributing the results of the latest 
calculations far and wide Meapwhile the first prmtmg presses were also 
busy with the distribution of commercial arithmetics which were replacmg 
the laborious and devious methods of Greek arithmetic by the simpler 
modem system derived firom the Arabs 

Two other cultural by-products of the Alexandrian star maps are of very 

* Scottish Geop^aphscal Magazine^ vol xlvu, 1931, pp, 216-17 

f Ibid , vol :dvii, 1931, p 79 

$ The following figures give the pubhcation of almanacs for the years stated , 

l<t48-68 2 1468-7$ 44 

1468-68 , ,, , 1 1479-88 , 96 

1489-98 , ,110 
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great sigm&ance for the subsequent aavanue of noman kaotyledge The 
method ot topparchas essentially corrcsporas to th.' iund of graphical renie- 
seiitaticm trathematiciaas caZ poip. c«. o^doates, and flat mans of 

longitude and latitude essennaJj, .cpicsent tne more fanuLar tvaj of plottmg 
a graph m Cartesian coortoates - From the Almagest mecnae^al Europe 
learned graphical metnods In me four'eenm centun Orcsmus was giving 
lectures at Prague on me use o. lanmcrnm ^:id icngH-uomes > to show thi 
track of a mot^g point Cartesian geometrv emerged from the same social 
context as modem caitogiapuy A.e'aiioiian astronorr'' also precipitated a 
more decisive depaituie from tne stenlc traoiuon of Platonic geomem’ From 
Euclid, the fiist teacher of Alesandiiaa mathematics, the Alann.ii -ia.-a had 



Fig 55 — ^Ai bheghi Durer’s WooDCur of the Southern Celestial HEMi:>rHERE 
— FROM THE Geographical Works of Johann Siabius^ 1515, Professor of ^Iathe- 
MATics AT Vienna and Astronomer to the Emperor 

Note Onon contaming the bright stars Rigel and Betelgeuse, Cains minor with the 
bright star Procyon, C am s major with the brightest star Sinus, are visible m the 
latitude of Lrondon Argo with Canopus, the second brightest star m the heavens, is not 

received Plato’s idealistic doctrine that mathematics should be cultivated as 
an aid to spiritual refinement The first measurements of celestial distances 
sufficed to show the clumsmess of the Platomc methods The stubborn reahties 
of the material world forced them to refinements which resulted m cultivatmg 
new methods Hipparchus compiled the first tngonometrical table — a table of 
smes Thenceforth Plato’s geometry was an anachromsm With the aid of 
SIX or, at most, twelve of its propositions, we can build up the whole of trigo- 
nometry and the Cartesian methods Unfortunately the curriculum of our 
grammar schools was designed by theologians and pobticians who beheved m 
Plato So we contmue to teach Euchdean geometry for the good of the soul 
Since few normal people like what is good for them, this makes mathematics 
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Fig 06 — ^'rHRiE Funoamfisttals or 'X rigonomftry 

If a right-angled triangle is completed about an angle A, the ratios of its sides severally 
(called sme A, cos A, and tan A'i are given m tables With the aid of these the remaining 
dimensions of any triangle can be found by applymg the four rules of the figure if 
we know the len^ of one side and the size of two of its angles, or the length of two 
sides and the an^e mcluded, or the lengths of all three sides 



Ill 


Pompey* s Pillar 

a most unpopitla” !!ub,ect ino effev.-uaJj prct^aLs th-: ^iJioriirj from eter 
finding the* immsnbc: '5 oC inptna '-..jli s so:: a! ifo One 

rcsiiit of not ^ucL-t:: .-c *■ r ^ -po’ied is U^ct 

many people do net "nen — C'nn''^ Hence me 

delubion Lnat. 2 t .n. _ 0 -nr ^ ^ 0* 

THE SIZ^ OB IKE sJ» — 2 x 

Trigonometry ro'cio^-e^ m - xJL r n- 3 '*tC nroci-ems 

which had a Or-ies-cimg mni e^ce u.nc-. renL * Jo'toncrian** 

made the *i-st ebuiciae-s ..r m>^ cLj. z:v''e od m„cn 0 - - =‘ >jn fieri the 

earth Then mersurt-r-'er ''ft^e a *-'st..nce in -2 t 'iLe locr 

Ttie prjrjCij^Le mtohed 11 -_e C-im 0 cf u "o x- 1 % 



Pig 57 — Finding the HtiGHr or a Cmi- by ipe \:£THOd oi PyrxUjl^x 


tan P == 
X d ■ 
d 


k 


jc + d 

tan P 
1 


_ 

\tan P tan Q/ 


lanQ « — 


tan Q 

h — P Q 

tan Q — tan P 


N B — ^The angle C is the parallax of the top of the cliff reference to obsei\ers 
at A and B 


the same as that used for finding the distance of a mountam peak The 
method used for terrestrial objects, when we have tables of smes or tangents 
at our disposal, is shown in Fig 57 The observer records the difference m 
direction of the object as seen from two situations at a measured distance 
apart This difference of direction measured by the angle C is called the 
parallax of the object So far we have assumed that the different angular 
positions of the celestial bodies, when observed at the same time in different 
places, are entirely due to the curvature of the earth, the direction of a star 
bemg fixed In other words, it does not matter where we determine the R A 
and declination of a visible star This is what we should expect if the stars 
are very remote The nearest stars are too far away to make a difference of 
a thousandth of a d^ree* This is not true of the moon Two simultaneous 
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determinations of the moon’s RA by observers situated at longitude 90® 
apart on the equator, or simultaneous detenmnations of dechnation by one 
observer at the equator and another observer at either of the poles, can differ 
by almost exactly one degree, and this difference is detectable with a com- 
paratively crude mstrument In an age when the study of the moon’s be- 
haviour was important for regulatmg social festivals or mght travel, and the 
study of solar echpses and occultations had begun to assume a practical as 
well as a magical significance, differences of the moon’s direction at different 
stations did not escape detection They mvolve an appreciable correction m 
all calculations of the moon’s position The moon’s position relative to a more 
distant celestial object is not quite the same as seen from two widely separated 
stations simultaneously Consequently crude methods of determining longi- 
tude based on solar echpses, occultations or lunar distances, can be somewhat 
maccurate, unless a correction is made for the moon’s parallax 

If we know the earth’s radius we can calculate the distance between two 
observers at known latitudes and longitudes, and the parallax of the moon 
IS all that is required to deduce its distance from the earth The best method 
is to make simultaneous observations of the moon’s zemth distance, when 
It crosses the mendian, at two stations on the same meridian of longitude 
at latitudes as far apart as possible If the moon’s rays were absolutely 
parallel, the south zemth distance at a given north latitude L when the 
moon’s true dechnation (i e elevation from the plane of the equator) is D, 
would be (Fig 68) 

a = L — D 

Actually the observed zemth distance Z is a httle m excess of this by an 
angle p (called the geocentric parallax at L) representmg the difference of 
direction of the taoon as it would be seen simultaneously at L and at the 
earth’s centre if we could get there Thus, 

Z == a + p 

We have already seen (Fig 28) that if the rays from a celestial body are 
perfeedy parallel at two different latitudes, the difference of its zemth 
distances at two places is the difference of their latitudes, i e 

If one latitude is south of the equator, its sign is negative (— Lg) and if 
the moon is seen south of the zemth at the northern latitude and north of 
the zemth at the southern, its zemth distance at the former is negative 
(— ^i), and at the latter, positive (+ so that 

I-l + 1-2 ~ + ^2 

== (Zj Pi) + (Zg P2) 

^(Zi + Za)--(Pi+Pg) 

The quantity (pi + pg) is the moon’s parallax P with reference to the two 
stations, so; 


P — (Zj -*1- Zg) (L»i -1- L»g) 
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Turning to Fig 59, you wnl see that if both stations are on the same longitude 
and both observations are made at the same ture, the moon’s distance (d) 
from the earth centre is the diagonal of a foai sided ^gure of which all four 
angles and two sides ^^ecujt valent to the eaith’s radius or approximately 
4,000 miles) are known Hence the qutdr^ateral can be constructed Its 
rema ining sides and ttie diagonal cm oe caicul<tted oj the fundamental 
relation (Fig 56) between tne sides and angles of tiiangle, i e 

_A __ sm B iii: C 

J' ^ L 



The moon's geocentric parallax If the moon^s rays were truly parallel its direction at 
latitude 4- L would be the same as at the earth’s centre^ i e its zemth distance would 
be 2 — L — D Actually (upper figure) the observed z d at transit for an observer 
at latitude L. is greater by the angle p (geocentric parallax at L) This cannot be directly 
measured, but the sum px 4 p% of die geocentric parallaxes of the moon for observers 
at two different latitudes ( 4 Li and — L,) on the same longitude is 

(Zi 4 ZO - (Li 4 L,) 

In way the mean distance of the earth’s centre from the moon is found 
to be approximately 240,000 miles, as shown m the legend attached to 
Fig 69 Hipparchus gave the distance of the moon as between 67 and 78 
radii (i e* tn<»gin distance 72 radu or 280,000 miles) This is a tolerable 
approximation His estimate of the sun’s distance based on the study of 
edhpses was 13,000 earth radii or 61,000,000 miles, which is much too 
small, the correct distance bemg 92,000,000 miles 

The calculation of the moon’s radius is easily deduced from this. The only 
new mformation required is the moon’s angular diameter, i.e. the angular 
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difference between the two edges of the moon This is almost exactly half a 
degree As shown m Fig 60^ the moon’s diameter is therefore a httle over 
2,000 miles It is almost exactly 2,160 miles, or three-elevenths that of the 
earth 
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Cm) In the A ABC, ZABC, BC r) and AB are all known, 

ACa « AB* + BC* - 2AB BC cos ABC (See Fig 50; 
AC (~ d) IS also known. 


Fig 69 

The detennimnon of moon’s distance, from the paiallax of the moon with reference 
to two pteervers at difierent latitudes and the same longitude, as m Fig 68, can be 
deduced firom a simple geometrical construction 


One of the earliest Alexandrian astronomers, Aristarchus, madi. a rough 
estunate of the ratio of the sun’s distance to that of the moon (Fig. 61) 
The method he used depends on the feet that the half moon at first quarter 
occurs a httle earher than the tune when the moon’s direction differs from 
that of the sun 90% and the half moon or third quarter occurs a httle later 
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than the time \ivhen the moon’s direction differs ffom that of the sun b\ 
270® Aristaichus calculatea thaj. the ratio of die distances of sun and moon 
from the earth is about 20 1 In re-iL.y ii is nearl\ 400 1 The reason 

for the maccuiacy is me extreme cuficuity of ascertaining ^hen exactlv 
naif of the moon’s face is %usible Without the aid of the telescopic ooser\ations 
on the moon’s mountains However, the estimate of Aristarchus vvas a \ast 
step beyond the boldness of AnaxagOias, who startled the court of Pericles 
by the suggestion that the sun nught be as large as the whole oainlana of 
Greece In usmg mathematics to measme the hea*; ens, Alevancrian astronom} 




By observation the moon’s angular diameter, 

A = 31' 5^ 

£A == 0^ 16 approximately 
Moon’s radius = 24-0,000 A sin 0'' 1 h' 
= 240,000 X 0 0047 
^ 1,130 miles 
Diameter = 2,260 miles 

Fig 60 — ^The Moon’s Diameter 


disclosed a vision of grandeur concealed from the world view of 
idealism Alexandrian sky measmement was the death knell of Plato s 

cosmology and ofthe ancient star god rdigions , ^ ^ 

The sun’s parallax is too small to be measured without the aid of good 
telescopes at observatton stations separated by long distances An alte^tive 
method which does not requite the use of a telescope depends on observa- 
tions of ecUpse phenomena. If the time of greatest duration of a total lunar 
eclipse IS known from repeated observations, the dis^a, synods 

petk)d of the moon, and the earth’s radius, give us all (P^ 1^ the neces^ry 
data for measurmg the breadth of the earth’s shadow cone where it is mter- 
cepted by the moon’s orbit. In a solar edipse the moon’s edp just comatfcs 
with that of the sun, which therefore has approxnnatdy the same angular 
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diameter So the sun’s radius and the earth distance are m the same ratio as 
the moon’s radius and earth distance The ratio of the earth’s radius to the 
length of Its own shadow cone is the same as the ratio of the sun’s radius to 
the combmed length of the earth’s shadow cone and the sun’s earth distance 
Since the length of the shadow cone is easily calculated by similar angles 
if its breadth at any known distance from the earth is given, all the requisite 
data are supphed by echpse measurements and the moon’s parallax Actually 
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Fig 61 — ^How Aristarchus Tried to Measure the Sun’s Distance 

Exactly at the first quarter or thud quarter, mote than half of the fece of the moon is 
seen Half moon occurs when the moon h^ still to move through an angle B before 
It IS exactly at the first quarter Aristarchus found that the delay between half moon 

and first quarter was six hours, so, if a lunar month is taken as 28 days, B = ( 4" ^ 28 / 

== about 3 ® In the half-moon posiuon, hnes joimngthe sun and the earth to the moon 
, ^ o 00 j ,0 Earth’s distance from moon 

meet in a nght angle So a =- B = 3 and sm 3 ° Earth’s distance from snn 


this method, which is referred to m the ensumg passage from Snyder’s 
book, IS extremely inaccurate because small errors of observation lead to large 
difiFerences m the ratios detenmned from them 


The problem of the shadow cone, as is clear from the pages of Ptolemy, 
had been worked out by Hipparchus, apparently with great precision, but 
with the strange result of confirming the calculations of Anstarchus* He, 
too, found the distance of the sim about twenty times that of the moon, or 
from 1379 to 1472 half diameters of our globe Ptolemy, a couple of centuries 
later, tnes his hand at the matter, but with no better success^ mdeed, he reduces 
the distance to 1210 such half diameters But with three distmct methods 
leading identically to the same result, there could now be htde question of 
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their truth Xhere seems^ mdeed^ to have been no question for another seven- 
teen centuries^ and u n t il Galileo and tne telescope had come Hipparchus* 
method — ^it is generally so styled — reproduced with ne^'v proofs, but similar 
estimates, m the De Revo^i/Uonibvs of Copeimcus d 1 543 The Theorem of 
Hipparchus gave not merely tne relative but also the absolute measures of the 
solar and lunar distances, Lence a direct measure cl th^ir s.^e Cleomedes 
tells us that Hipparchus computed the sun’s baik at 150 times that of the 
earth, Ptolem> made it 17o times Bat AriSlarcnus, by what method he does 
not state, figured the diameter of the sun at bet^\ een six and seven tunes that 
of the earth, hence about thiee hiuidied un'es its balK: He sets the moon’s 
diameter at one-third that of the eartn — ^an error of but one-tw elTth, admirable, 
if yet imperfect approximations The march of the mind had begun ^ 

There is, m an oddly-jumbled work. Opinions of PkJosopne 7 s^ attributed, with 
shght probabihty, to fa mil ia r old PjiUtPrch, a paragraph which says that 
Hratosthenes had engaged the same problem True to his lo\e of concrete 
measures, he gives the distance of the moon at 7Su,000 stadia, of the sun at 
804,000,000 stadia Marvellous prevision of the trutn* For though he makes 
the distance of the moon only about twenty earth radii— —too smalT by two- 
thirds of the reahty — ^his figure makes the sun’s distance 20,000 radii, which, as 
nearly as we may estimate the stadium, was practically the distance that, after 
three centuries of patient mvestiganon with micrometers and hehometers, is 
set down as the reality It is with a deepenmg mteiest, bordermg even 

upon amazement, that we find yet another great investigator of antiqmty 
announcmg sirmto but quite distmct estimates This was Poseidomus, the 
teacher of Cicero and of Pompey, one of the most contradictory of characters, 
now seemmg but a merest polymath, now one of the most acute and original 
thinkers of that ancient day We have already noted that his measure of the 
earth, adopted by Ptolemy, was the sustenance of Columbus He had closely 
studied the refraction of hght, and gives us a really wonderful calculation as 
to the height of the earth’s atmosphere In the pages of Cleomedes we learn 
that he equally attempted to estabhsh the distance of the stars He puts the 
moon at two milhon stadia away, the sun at five hundred milhon * This, on his 
earher estimate of the earth’s diameter, would place the moon at 52 radii 
of the earth, which would be nearer than the computations of Hipparchus 
It would make the sim’s distance 13,000 radu If we take his later figure 
(180,000 stadia), the distance would become 17,400 radu, an estimate which, 
considenng the necessarily wide limits of error, does not differ greatly from 
that of Eratosthenes, and equally httle from the truth Compare it with the 
thirteen hundred radu of his forerunners* Compare it with the notions of 
Epicurus, almost his contemporary, a very wise and large-mmded man m his 
way, who yet beheved that the stm might be a body two feet across * 

The importance of scirace m the everyday life of mankind me ans more 
than makmg it possible for us to organize material prosperity The advance of 
science hberates mankmd from behefs which sidetrack mtelhgently directed 
soaal effort* In the phraseology of the materialist poet Lucretius, saence 
hberates us from the terror of the Gods At a later date the sci ent i fi c study 
of the heavens was destmed to chall^ge the authority of custom-thought 
m a more spectacular context, by discrediting the bibhcal doctrme that the 
sun revolves round the earth The view which is now held was recognized 
as a possible alternative by the Pythagorean brotherhoods and advocated 
by Aristarchus For a very good reason it was rejected by Hipparchus, on 
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whose teaching the Almagest is largely based He did so^ because no parallax 
of the sim could be detected 

Observations on the fixed stars made at different locahties at the same 
time yxcld no appreciable difference m R A or decimation In other words, 
the fixed stars have no measurable geocentric parallax Smce even the moon’s 
geocentric parallax is never a very big quantity, this would be quite m- 
telLgible on the assumption that they are much farther away than the moon 
Aristarchus estimated that the sun was about 20 times as distant as the 
moon from the earth When the moon’s distance was found to be about 60 
times the earth’s radius, it appeared that the diameter of the earth’s orbit 
must be more than a thousand times the diameter of the earth The 
difficulty did not end here If the earth moves round the sim, it must be 
nearer to any particular star at some seasons than at others It still seemed 
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hard to beheve that the stars are too far away to show any change of 
apparent direcuon when the earth is at opposite ends of its orbit (as m 
Fig 62) With any instruments available before the mneteenth century, no 
annual parallax of the fixed stars cotild be detected The refined methods 
we now have show that the hehocentnc or aonnnl parallax (P m Fig 62) 
IS never as much as one four-thousandth of a degree (0*78^ for the nearest 
star, Proxtma Centauri) Accordmg to the only test which was known to the 
ancients, the doctrme of Aristarchus failed On the evidence which their 
instruments yielded, the founders of the Ptolemaic system were right m 
putting the earth at the centre of the star map, where it is still convement to 
leave it for the purposes of navigation and scientific geography 

Nowadays we often read dogmatic statements about the discredit mto 
which Newton’s system has fallen, and there is danger of losing sight of 
what IS pe rman ent m any useful hypotheses Scientific hypotheses that 3 neld 
a useful explanation of some facts of experience, are not relegated to the hmbo 
of superstition whenever wc disoovex^'~-w we constantly do discover***** 
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new facts which they do not explain The Ptolemaic astronomy which pro- 
vided the technological basis of the Great Xa\igations is still the most 
convement representation of tne apparent inovements of the sim^ roon^ and 
fixed stars It is the world view of the eaith-observer;> and as sach remains the 
basis of elementary expositions on nautical ^stionomy after nearly two 
thousand years Its greatest disadvantage — wmeh evenccwoll} oroaght it mto 
disrepute — ^is that it can give no rehacle means of a«certaming tne motions of 
another class of heavenly objects — ^the planets, which are not f:\ed m the 
heavens like the stais If wc use the methods of Cnaptei IV to plot tne mo\e- 





Fig 63 — ^The Track of Vfnus in 1891 


meats of a planet like Venus on the star map shown m Fig 51, they do not 
conform to any simple rule The nearer planets wander about the heavens, 
each m a seemmgly capricious track, with no evident geometrical pattern 
Their motions are easier to calculate if we put ourselves m the position of 
a sun observer 

We shall see later how Copernicus furnished the germs of a comparativd,y 
simple account of the way m which the planets move by discarding the 
behef that the earth is the centre of the universe In the absence of satisfactory 
evidence for the annual parallax of the fixed stars (before about A D 1830), 
It is highly doubtful whether the usefulness of the Copetmean doctrine 
fov calculating the positums of the planets would have sufficed to overcome 
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the combined authority of the Book of Joshua and the Almagest, had there 
been no new sources of information to discredit behef m the fixed position of 
the earth at the hub of the heavenly wheel How the ancient astronomers 
attempted to explam the vaganes of the planets or “wanderers” of the heavens 
may best be deit with when we come to the Copermcan hypothesis We shall 
first see how two devices prepared the way for its umversal acceptance The 
mtroducuon of the telescope and the pendulum clock m the begmning 
of the seventeenth century registers an eventful phase m the conquest of 
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Fig 64 — ^The Moorish Suisidial 

distance and tune It is hardly too much to say that, with one exception, no 
other techmcal advances contributed so much to change the world picture 
of mankmd between 4241 b c and a d 1800 
In the period which intervened, Arab astronomers and mathematicians, of 
whom Omar KhayySm was one of the most illustrious, blazed the trail for 
the new world outlook by more accurate measurements of the positions of 
the planets. A fer more important Arabic contribution lay m devtsmg simple 
rules of calculation The use of mathematics m A1p!YflnHnan science was 
essentially ptctoncil* Alatfaematics was apphed almost exclusively to astro- 
nomical data. The tngonometry of Hipparchus and the algebra of Diophantus, 
the last Alexandrian mathematician of importance, were imprisoned within 
the obscure number symbols of the Greek alphabet By the 
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alphabet and adopting tne Hindu simya or zero^ as we call it^ the Arab 
mathematicians equipped us with an arithmetic wtuch could accommodate 
a growmg body of scientific measurements, and with an algebra whuch has 
extended the apphcation of mathematics far be^ one the confines of geometr\ 
I^ocated m sunny regions, the mgenuitv of the Isu mic culture w as not 
compelled to peifect mechamcal devices for lecording the lime qf dav The 
contribution of the Arab astronomers to the "technique of recorcimg time is 
now relegated to the status of a garden oinament 'I he ancient shadow clocks 



Fig 65 — ^How TO Calibrate the Sundial 

A solid model of the sunbeam, style, and shadow, can be made by folding the upper 
figure SPQSR The angle H is the shadow angle with the meridian, L the lautude 
of the place and the mclination of the style to the horizon plane, and h is the sun’s 
hour angle The figure shows that 

tan H — sm L tan h 

Thus to mark off the angle H corresponding to two o’clock (p m ) or ten o’clock (am) 

1 e when A ~ ± (15 x 2)® — ± 30% at latitude 51® we have 

tan H — sm 51® tan 30® 

= 0 7771 X 0 5774 == 0 4487 

from tables of tangents H — 24 16® 

did not record a constant hour at different seasons The Arab sundial (Fig 
64) with Its style set at an angle eqmvalent to the latitude and pomtmg due 
north marked out hours which were mechamcally eqmvalent throughout 
the year The only lastmg importance of this mventton, the theory of which 
IS explamed m Fig 66, lies m the fact that the first mechanical clocks were 
checked by comparison with the readmgs of the dial 

The state of geographical knowledge available for navigational purposes 
m the tune of the Crusades is indicated in the following passage from Wright^s 
book already dted* 



122 Science for the Citizen 

That the Saracens also were interested m the more strictly mathematical 
aspects of astronomical geography is emphatically proved by the fact that they 
undertook actually to measure the length of a terrestrial degree and thereby 
to determine the circumference of the earth Some Imowledge of this great 
work came to the Western world m our period through translations of the 
Astronon^ of Al-Farghani Astrology also necessitated this type ot 

mvestigation In order to cast a horoscope one must know what stars are over- 
head at a particular moment, andi to ascertam this, one must know latitude and 
longitude In the Arabic astronomic works there occur rules for determimng 
positions and tables of the latitudes and longitudes of places throughout the 
world One of the most practical results of Arabic mvestigations in this field 
was a reductton of Ptolemy’s exaggerated estimate of the length of the Medi- 
terranean Sea The Greek geographer gave the length as 62*^, or about half 
agam too long Al-Khwanzmi cut this figure down to about 62®, and, if we 
are right m our mterpretation of the available data, Az-Zarqall still further 
reduced it to approximately the correct figure, 42® The results of these 
corrections became known m the medieval West The Moslems, as a general 
rule, measured longitudes from the prime meridian which Ptolemy had used, 
that of the Fortumte Islands (now the Canaries), situated m the Western 
Ocean at the westernmost hmit of the habitable earth, but mdividtial writers 
came to make use of another mendian farther west, a meridian destmed 
to become known to the Christian World as that of the True West, as distm- 
guished from the supposed border of the habitable West Abu Ma’shar, on 
the other hand, referred his prime mendian to a fabulous castle of K^g- 
Diz, far to the east m the China Sea . there is absolutely no doubt that 
methods of finding latitudes and longitudes were well understood m theory 
and were sometimes put to practical use Rules aie given for finding latitude 
in Az-Zarqah’s Canons, m Plato of Tivoh’s translation of the Astronomy 
of Al-Battani, and m many other astronomical and astrological treatises 
Two prmapal methods were recommended You may either measure with the 
astrolabe the altitude of the sun above the horizon at noon at the spnng or 
autumn equmox and find the latitude by subtractmg this angle from 90® or 
you may measure the altitude of the celestial pole above the horizon, which is 
the same as the latitude As to longitude, the fact that there are difierences 
m local time between points east and west of each other was recognized and 
clearly explamed by several writers of our age The Marseilles Tables give a 
rule for finding longitude by the observation of eclipses. Roger of Hereford 
mdicates that he himself, by observing an echpse m 1178, ascertamed the 
positions of Hereford, Marseilles, and Toledo in relation to Arm, the world 
centre of the Moslems 

The Marseilles tables mentioned m the foregoing passage seem to be the 
earhest astronomical tables m north-western Europe Referring to their 
ongm, Wnght says 

Preserved m a twelfth-century manusenpt of the Bibhoth^que Nationale 
IS a set of astronomical tables for Marseilles datmg from 1 140, the work of a 
certam Raymond of Marseilles The Canons, or mtroductory explanation, of 
these tables are drawn largely from the astronomical Canons of Az-Zarqah, 
the tables are an adaptation for the mendian of Marseilles of the Toledo 
Tables Both Az-2^qali’8 Canons and the Toledo Tables, with their modifi- 
cations like the Marseilles set, contained not a Uttle madental material of 
importance from the pomt of view of astronomical gec^raphy, indudmg a 
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Fig 66 — ^Waldsbemuller*s Polymetrum, from ReischN ^AIarg^uota Philo- 

SOPHICA,” 1612 

(JProm Regional Map of the Early Sixteenth Century f* by Professor B G R laylor^ 
Geographical Journal, Vol LKXI^ No 6, Mcy 1228 ) 

list of cities with their latitudes and longitudes derived ultimately from Al* 
Khwatizmi That this material enjoyed wide popularity during our period 
and later is proved by the existence of a large number of manuscripts One 
of the translations of Az*»Zarqall’s Canons was done by the hand of the famous 
Gerard of Cremona 

In the fifteenth century Portuguese and Spanish shippmg enjoyed the 
benefit of expert pilots schooled in the teaching which had been salvaged 
from the wreefcs^e of the Moorish universities m the Penmsula, The growth 
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of the printing industry placed the frmts of this knowledge at the disposal 
of sea captains with less erudition Simple instructions mvolvmg no elaborate 
calculations — like the ‘^Regiment of the Pole Star^’ (Fig 67) — could now be 
put into the hands of all who could read An account of these early pilot books 
IS given by Professor Taylor m an arucle (Geographtcal Journal^ 1931) from 
which the following passages are cited 

The earUest type of Seaman’s Manusd was the Rutter or Pilot Book^ con- 
taimng details of landmarks^ anchorageSj» shoals^ bottoms^ watermg-places, and 
so forth, which goes back to the Ancient Greeks, and probably to their Phoem- 
cian predecessors Such books belong to the period of coastwise sailing, when the 
lode-lme was the sole navigatmg instrument other than the shipmaster’s eyes 
These Pilot Books have never been superseded, but from time to time as the 
art of Navigation developed, they have been supplemented The earhest supple- 
ment was the Pilot Chart, and the date of its mtroduction is quite unknown 
the oldest extant example, drawn about a d 1300, is so perfect and so stylized 
that It must have had a very long past history The same period brought 

a further innovation the astronomers of the Western Mediterranean devised 
simple mstruments and simple methods whereby the Stella Mans or Tramon- 
tane could be employed to fix the ship’s position m latitude m addition to 
mdicatmg the North The development of this aspect of navigation, and the 
progress of exploration across the equator, led eventually to the introduction 
of the determination of position by the noon-tide altitude of the sun, which 
demanded a calendar and a set of tables, and thus an elementary forerunner 
of the Nautical Almanac became part of the Seaman’s Aianual Even the 
simplest mstrumental fixmg of the ship’s position, however, required some 
knowledge of astronomy, and consequently a fourth section was added to the 
Manual, which took shape as a preface deahng with the Earth as a Sphere 
and the Heavenly Bodies By the early sixteenth century it had become usual 
for the Theory of the Sphere and the Tables and Rules for fixing position 
to be boimd up together as the Navigating Manual proper, while the ship- 
master or pilot provided himself with the particular Pilot Book or Rutter, and 
the particular Chart which he needed There were, however, mterestmg 
exceptions to this rule and a remarkable work on Na\igation of the 

Fourteenth Century is extant which contains the rudiments of all four parts 
of the complete Manual m a single volume This is the rhyming Florentine 
example, known by the tide of its first section on the globe as “Ln Sfera,” 
which is asenbed to Gregono Dati The second part, deahng with the rules 
for navigation and finding position, is naturally very crude at this date, 
while the chart (the third part) is drawn m sections, which are placed in 
the margins of the appropriate portions of the Rutter (the fourth part) • 

The It^an manusenpt entided “Bneve conpendio de larte del navegar,” 
m the Society’s Ijibrary, contains three out of the four parts of the complete 
Manual, namely, the section on the Sphere, the Rules and Tables, and the 
Chart, only the Rutter is absent, and certam supplementary notes and tables 
are inserted instead • * It was written by an Italian pilot, Battista Testa 
Rossa, whose patron was El Magnifico Marco Boldu, a member of one of 
the great ruling famihea of the Repubhc of Vemce It is dated 1557, when 
Battista had setded m London* * . The section on the Sphere is of the 

simplest possible type, consisting of necessary definitions only, namely, of 
altitude, degree, horizon, zodiac, equinoctial lane, decimation. Circles, Poles, 
Tropics, seasons, longitude, latitude, parallels, meridians, hemisphere, zenith 
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Fig 67 — ^The Regiment of the North Pole 

The star Polans is only 1® off the true pole today In mediaeval times Polaris revolved 
m a tmy circle 3® from the celestial pole as did a Dracoms, when it was the guiding 
star of the Pyraimd builders Hence latitude by the altitude of the Pole Star might 
exceed or fall short of the true value by 3® The pilot books gave instructions for 
makmg the necessary correction by noting the hour angle of the star in the Tittle 
Bear# The positions of Polaris relative to the true pole were charted for eight positions 
of the “guards** and y), so that naked eye observation sufficed to make a correction 
with an error less than half a degree 

{Reproduced mtk Professor E G R Taylor* s permission^ from her Tudor Geography, 
1485-1583 { Mcthmn )^'^ 
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and centre A brief exposition of the changing tJutude of the Pole Star as the 
traveller passes from Alexandria to Iceland, and its explanation m terms of the 
rotundity of die Earth, concludes the section The second section, on Rules and 
Tables, opens with the Regiment of the North Pole, i e the number of degiees 
(fiom to 3 which must be added or subtracted from the observed altitude of 
the Pole Star, accordmg to the position of the ‘‘guards,’* m order to obtam the 
latitude “The guards” was the seaman’s name for part of the constellation 
Ursa Minor, the two sigmficant stars used as mdicators bemg jS and 7 
when the guards are m the east and the forward star (of the guards) is east of 
the North Star, then the Pole Star, as it is called, will be 1 J"* below the Pole, 
and this must be added to the altitude, when the sum will be the height of the 
Pole above youi horizon when the guards are m the north-east, and the two 
stars of the guard, one with another by east, then the Pole Star will be 3^® 
below the Pole The “forward” or “fore” guard was the brighter of the 

two (i e j8 Ursae Mmons), and was sometimes called the “dock star,” smce it 
could be used to tell the time at mght Directions for makmg and using the 
balestilha or Jacob’s Staff for these stellar observations are given, with a 
diagram to show how to add the scale to the Staff, while the quadrant and 
astrolabe are also mentioned This Regiment of the North Star is one of the 
stereotyped Rules found m every Manual Here it is followed, as m many other 
examples, by a rule to tell the time at night by the guards durmg each month 
of the year Now this makes it clear that the degree was taken by seamen 

as 70 Roman miles, equivalent to 64 4 Bnghsh statute miles, a much less 
faulty figure than the 62^ miles (of 5,000 feet), or alternatively 60 miles, 
adopted by cosmographers The method of derivation, too, is made plam 
Battista gives 25,200 miles as the circumference of the Earth, which is clearly 
derived from Eratosthenes’s measure of 252,000 stadia (made widely known 
to navigators through Sacrobosco’s Sphera which was prefixed to the early 
Portuguese Manuals), by taking the equivalent of 10 sea stadia to a Roman 
mile The Portuguese league of 4 miles was adopted by all seamen, as Columbus 
mentions, and as Jean Rotz, too, makes dear, but m Spam the degree of 17) 
lesgues was presently superseded by that of 16 leagues, reckonmg according to 
Spanish use, only 3 miles to a league The next section of the Itahan 

Manual consists of a couple of pages and a diagram on the Regiment of the 
Southern Cross, and then follows the most important part of all, which finds a 
place m every book of Rules and Tables This is the Regiment of the Sun, 
that is to say, the rules for takmg the noon-tide altitude, and for usmg the 
accompanymg Table of Declinations, which are given for four years, the last 
bemg the Leap Year A Calendar was combmed with the tables for the First 
Year A few examples of latitude determmation are worked out, and it 

may be noted that for solar observations the use of the astrolabe and not the 
balestilha is proposed . It was probably m 1558 that Stephen Burrough 
visited the Casa de Contratacion m Seville, there to be greatly impressed by 
the meticulous care with which Spamsh pilots were tramed and exammed 
So far as chart-makmg is concerned, Tudor England had nothmg to set agamst 
the magnificent achievements of the Portuguese, Spamsh, Itahan, and French 
school of Cosmographer-Pilots 

A simple reape analogous to the R^^iment of the North Pole for use m 
southern latitudes is given m Hakluyt’s Vcyages^ It refers to the Southern 
Cross^ and is written by the mamer Edward Chffe, who accompanied the 
consort ship of Drake in the 1S77-9 expedition to the Strait of Magellan. 
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And tiience we canne along the coast being low sandie land till wee arrived 
at Cape Elanco This Cape sn^weth it selfe nke the comer of a wall upright 
from the \/atera to tnem wnich come from tne hTo-. th*'^araes wnere the North 
Pole IS eie\ated 20 degrees So rrm Ana tae Croc ers being tn guards of the 
South Pole be laised 9 degrees 2b Tne sa*d Cxoc^ers be i sf^rrs^ repre- 
senting txie forme ot a crosse, ana be 3u degrees m the ru^ e 2 on? me South 
Pole j ana tne lo\;^ ect starre of tne ‘^a^ a Cioc ers to be ta^enj, r>ne_ "t ic cLiecti> 
under the uppermost ^ and bem^ so taken as many c agrees as .1 ^';an:ctn of JO, 
so many you are to the North viardes of Equinocnai and as rnan'^ aeg'-ees as 
be more tnan 30, so many aegrees you arc to tbe Sonth\* n.ds of tne Hq^mi^cnal 
And if you hnde it to be lust 30 then you be diresJy unaer the 'me 

THINGS TO AjjEMORIZE 

1 North Polar Distance == Z D ot Pole —ZD of slo* 

Decimation = 90° — N P D 

Latitude = altitude of Pole = — ZD of Pole 

Declination = Z D -r Latiraie 
Latitude = Declmauon —ZD 

2 Zemth distances south of the zemna, jna ^cchnations 

south of the equator are negaave 

3 Simdial time + Equation Oi. Tj^me = Green v*cn Alea-** Tnne 

4 States R A = side cal time of transit of star == (appro\^mi?.eh', sola*’ 

time or star’s nansit — time of transit or 
Star’s R A — Sun^s R A — local (solar) time of transit (appioumately > 

5 See also Figs 24, 4 J, 45 and 56* 


EXAMPLES ON CHAPTER II 


Use the graph m Fig 32 for the “equation of time” correction 

1 What are the sim’s declination and right ascension on March 21st, 
June 2 1st, September 23rd, and December 21st^ 


2 What approximately is the sun’s R A on July 4th9 May 1st, January 1st, 
November 5th? (Work backwards or forwards from the four dates given Check 
by Whitaker) 


3 With a home-made astrolabe (Fig 22) the following obser\ations were 
made at a certain place on December 21st 

Sun’s Zenith Distance Gieenwich Time 

(South) (p m ^ 

74i° 12 18 

74° 12 19 

74° 12 20 

73i° 12 21 

73J° 12 22 

74° 12 23 

74i° 12 24 

What was the latitude of the place? (Look it up on the map ) 


4 Fmd the approximate R A of the sun on January 26th, and hence at what 
local tune Aldebaran (R A. 4 hours 32 mmutes) will cross the mendian on. that 
mght. If the ship’s chronometer then registers 11 15 p m at Greenwich, what 
IS the longitude of the ship? 

Examples continued on page 130 
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6 If the declination of Aldebaran is 16° N tto the nearest degree) and its 
altitude at meridian transit is 60° from the southern horizon^ what is the ship’s 
latitude? 

6 The R A of tne star a m the Great Bear is neaily 1 1 hours Its declination 
IS 62° 6'N It crosses the meridian 4° 41' north of the zemth on April 8th 

at 1 10 a m by the ship’s chronometer What is the position of the ship^ 

• 

7 Suppose that you were deported to an island, but had with you a wrist 
watch and Whitaken^s Almanack Having set your watch at noon by observing 
the sun’s shadow, you noticed that the star a m the Great Bear was at its lower 
culmination about eleven o’clock at night If you had lost count of the days, 
what would you conclude to be the approximate dttte> 

8 On April 1, 189d, the moon’s RAl was approximately 23 hours 48 minutes 
Give roughly its appearance, tune of nsing, and transit on that oate 

9 If the sun and the Great Bear were together visible throughout one, and 
only one, mght m the year at some locahty on me Greenwich meridian, how 
could you determine its distance from London, if you also remembered that 
the earth’s diameter is very nearly 8,000 miles, and the latimde of London is 
very nearly 61°? 

10 If you observed that the sun’s noon shadow vanished on one day of the 
year and pomted south on every other, how many miles would you be from the 
North Pole? 

1 1 On January 1st the sun reached its highest pomt m the heavens when the 
BBC programme mdicated 12 17 pm It was then 16° above the southern 
horizon In what part of England did this happea? 

12 The approximate RA and declination of Betelgeuse are respectively 
6 hours 60 mmutes and 7i° N If your bedroom faces east, and you retire 
regularly at 1 1 p m , about what time of the year will you see Betelgeuse nsmg 
when you get mto bed? 

13 On April 13, 1937, the shortest shadow of a pole was exactly equal to its 
height, and pointed north This happened when the radio programme timed 
for 12 10 p m began In what county were these observations made? 

14 With a home-made astrolabe the following observations were made m 
Penzance (Lat 60° N , Long 6i° W*) on February 8th 

Least Zemth Distance Greenwidi Mean Time 

Betelgeuse 42}° S 9*9 pjn. 

Rigel 684° S. 8 24 pjtn. 

Smus 674° S 10*0 p m 

Fmd the declination and R A. ot each star, and compare your results with the 
table m Wlntaker^s Almanack 

16 By aid of a figure show that if the hour angle (A) of a star is the angle 
through which it has turned since it crossed the meridian (or, if the sign is 
mmus, the angle through which it must turn to reach the mendian), 

R A of star (m hours) Sun’s RA* (m hours) (hour angle m 
degrees — 15) + local time (in hours)* 
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Among wnteis wLo aw not nojiur the. ius'or^ of has been 

the fashion to speal' of the gte..t intelleotLal utmi'eaai j of »re Iliteenth "ad 
sixteenth centunos as if srere closely connected "•itn the ar’-ii,cc Renaisoanre 
of Italy under Byzontme influence 'fhe iru h is *hu^ the advan^-e of cc-ence 
owed very httle to the influx of classical models and classiotl texts fcom the 
Eastern Empire The fruits of Alesandr.'m tcieare neie harvested .b> the 
Arab conquei.ors of Spam, and the diflusicn cr the AiabiC icaming mto 
northern Europe was largely due to the influence ol Js^sish pnjsitians who 
founded the medieval schools of medicine, and to the devetCj meat of scieatif c 
navigation before the tradition of the Aioorn-I, um\ heJ been finally 

extmguished Two feetuxes of Cathohe tradition and organization forced 
the umversities of western Christendom to opea their doors to tne Moorish 
leaxnmg One, which will be discussed m Chapter X\ was the huniani- 
tanan ideology which prompted the monastic orde«^ to found hospitals and 
se^ the assistance of expenenced physiaans. Ti.e olhei, which encouraged 
monks hke Gregory of Cremona or Adelatd of Bath to visit the umversittes 
of Spam durmg the Moonsh occupation, was the social function of the 
priesthood as atstodians of the calendar In conformity with their r61e as 
timekeepers, the Augustmian teachmg had endorsed astronomy as a proper 
dis cipline of Qmstian education So although the patristic influence was 
mainly hostile to pagan saence, clencal education was not completely m- 
accessible to influence from the non-Chnstian world 
A substantial link between Moonsh saent» and the medieval universities 
of Christendom already existed when the growth of mercantile navi^non 
renewed the impetus to astronomical discovery About 1420 Henry, then 
Crown Pnnee of Portugal, built an observatory on the headland of Sagres, 
one of the promontories which terminate at Chpe St Vmcent, the extreme 
south-west pomt of Europe There he set up a school of sea mansh i p under 
one Alaster Jacome from Aiajorca, and for forty years devoted himself to 
cosmograpbical studies while eqmppmg and organizing expeditions which 
won for him the title of Henry the Navigator For the preparation of maps^ 
tables, and instruments, he enlisted Arab cartographers and Jewish 
astronomers, employing them to instruct his captains and assist m piloting 
his vessels. Peter Nunes dedares that the Pnnee’s master maxmexs were well 
eqmpped with instruments and those rules of astronomy and geometry 
“which all map-makers should know ” The development of astronomy once 
more became part of the everyday life of mankind, and the new impetus 
It received from the gzow^ of mantime commerce was reinforced by the 
mtxoduction of two new i^rhnicfll mventions which emerged &om the 
world’s everyday wodc m a different social context. 
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One of these was the invention of spectacles Although devices of one kind 
or another for magnifying objects are of considerable antiqmty, there does 
not seem to have been any general use of them m everyday hfe till the close 
of the Middle Ages The Moorish savant A1 Hazen appears to have observed 
the magnifying power of the segment of a glass sphere (Opttcae thesaurus:, 
vn^ 48), and Roger Bacon explained m his Opus Majus (1266) how to magnify 
writmg by placmg the segment of a sphere of glass on the book with its 
plane side downwards One of the earhest examples of the apphcation of 
the prmaple is provided by a portrait of Cardmal Ugone m a church fresco 



Ptolemy’s Map of Ireland showing what the Great Navigations owed to Alexandrian 
Cartography Note the lines of latitude and longitude 

at Treviso This was pamted m 1362 It shows two mounted lenses with their 
handles riveted together and fixed before the eyes In Dobell^s book, Anthony 
Leeuwenhoek and Hts Little Ammals^ the actual mventor of spectacles is 
said to be a Florentine about a 1300 The mvention was popularized by 
the monks, notably through the pnvate labours of de Spina of Risa for the help 
of ‘‘poor bhnd men ” The compound microscope appears to have been m- 
vented at the same time as the telescope, possibly, accordmg to Professor 
Wolf, a httle earlier It is mentioned m a letter dated 1626 by Giovanm 
Fabn, who uses the word Pictures made with the help of the microscope by 
Stelluti were published (1630) m an Italian edition of Persius Between 
1660 and 1670 microscopic observations were published by Borel, Power, 
Hook^ and Leeuwenhoek* With the growth of literacy, the universal ten- 
dency to long sight as age advances found expression in a new social demand. 
The introduction of spectacles izivolved no theoretical discovery about 
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phenomena \Mth \^hich Ale\andnan and Arab astronomers vtere not fully 
conversant (see p 141') It is cheiefore more reasonable to suppose that 
introduction of paper, the m\ ention of prmtmg, and the use of books m the 
fifteenth century stimulated the demand for e\ e glasses The trade mcreased 
durmg the sixteenth century, especiallj^ m Italy and m south German} B} 
1600 opticians were to be found in most of the larger towns on the contment 

Two mventions which are signposts m the history of science^ one m 
physics, one m biology, came as quite fortuitous by-products of the new 
maustry The name telescope was fiirst adopted b} Galileo m 1012 The 
fibrst one was im ented m Holland about 1608 The credit has been attnbuted 
variously to Hans Lippershey and Zacharias Jansen, spectacle makers m 
Aliddleburg, and to James Metius of Alkmaar (brother of Adnan Metius, 
the mathematician) On October 2, 1608, the assembly of the States-General 
at The Hague considered a petition of Hans Lippershe>, mventor of an 
mstrument for seemg at a distance On October 9th, 900 florins were \oted 
for It On December 15th the} exammed, and \oted 900 florms for, a bmocular 
instrument made by Lippershey Descartes attributed the mvention of the 
telescope to Metius, who presented a petition later The story goes that 
the discovery was made by holdmg two pairs of spectacles some distance 
apart and noticmg that a neighbourmg spire was brought nearer to view 
In his Nunctus Stdenus Galileo states that when he was m Vemce about 
May 1609 he heard that a perspective mstrument for makmg objects appear 
neaier and larger had been mvented Retummg to Padua, he made his first 
telescope by fixmg a convex lens m one end of a leaden tube and a concave 
lens m the other end Then he made a better one, went to Vemce, and pre- 
sented the mstrument to the Doge Leonardo Donato His first telescope 
magnified 3 diameters He soon made others which magnified 8 diameters, 
and finally one that magnified 33 diameters Kepler devised an alternative 
form usmg a convex eyepiece 

The three years which followed the patents of Lippershey and Jansen 
were eventful. Kepler’s account of the motion of Mars appeared m 1609 
His telescope was constructed m 1611 Eight years later he was able to 
announce his complete vindication of the fundamental doctrme of Copermcus 
and his epoch-making laws of the solar system. Meanwhile Galileo had 
observed the motion of the sun’s spots and had seen the moons of 
Jupiter Galileo’s discovery was partly important because it deprived the 
geocentric view of the umverse of the inherent plausibihty it enjoyed before 
people realized that there were other worlds with satelhtes circlmg about 
them The Inquisition nghtly judged the psychological efifect of the new 
realization that our own small world is not a umque one How the tract on 
the moons of Jtipiter became the field of one of the most decisive battles 
between science and pnestly superstition is a story too familiar to merit 
repetition 

The telescope has a thre^old significance for the age of the Great Naviga- 
tions. The determination of longitude for westerly s ailing had become a 
issue of rgirdmal importance, and on this account astronomy 
retamed its place as the queen of the sciences till the end of the eighteenth 
century At a time when the only method of determining longitude was based 
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on the use of celestial signals (eclipses and ooojunctiom), celestial signals were 
events of vital significance for the world’s work, and the discovery of Jupiter’s 
moons biought a new battery of celestial signals to the aid of seafaring and 
saentific geography (see p 316, Chapter VI) Moie direcily the telescope 
was of value to the manner as a “spy glass ” A less obvious use is related 
to one of the pivotal mventions m the history of mankind The age of the 
Great Navigations was a petiod of revolutionary and impeiiahst wars in which 
success depended on exploitmg the new technique of artilleiy The demands 
of marksmanship called for accurate and immediate devices for surveymg 
(see Fig 149) and sightmg distant objects Galileo was not slow to recognize 
the possibihnes of the telescope for navigation Indeed, he offered his 
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Fig 68 

As the edges of a beam seen emerging from a slit are always straight, we can look 
upon a 8h& of hght as made up of bundles of straight shafts or rays, which Alexandrian 
astronomers represented by geometncal Imes or “rays ” Light rays ftlling upon a 
surface which is opaque are scattered m all directions When we look at anythmg 
only a few rays are able to enter the eyeball 

mvention consecutively to the Cathohc Emperor and to the opposing 
Protestant democracy m letters adapted to the convictions of both parties * 
The mvention of ^e telescope is an mstrucuve episode, if w^ are disposed 
to mterpret the progress of human knowledge as an unbroken ch^ of 
theoretical prmciplcs due to the exercise of mere curiosity by a few exc^- 
tionally gifted mdividuals The fundamental lawrs of magi^cation were 
familiar to the Alexandrians Euchd composed a work on the geometrical 
prmaples of* rejection, and Archimedes is credited with constructing concave 
nuxrois for use as burning-glasses. Ptolemy mvesugated re&action, i e. the 
bending of a beam of hght in passing from one medium to another, and 
actually discussed the effect of atmosphenc refraction m distorting the 
apparent position of objects on the horizon. A1 Hazen, an Arab physiaan 
who hved about aj>, 1000, gave a correct account of the structure of 
the eye, contested Plato’s idealism , which made it the source pf ilhimma- 

* Letters ated m Bernal’s admirable book The Sodtd Fwtetum qf Seieitae correct 
a confusion in the first edidon of das one. 
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Hon^ and appears to rero^mzec a: as wlia^ bhould iiov^ caU a camera 
There was no ftiTthei Je^ cio cf Jie subject tsU the invention of the 

telescope The of im-Tiedi^tely created tv^o needs 

The need foi more c!ei*j'x,c tlco’^eui at _**nwt5’e of guiiaacc m at tainin g 
nigh m^gniSlc^ticr 12-^ l l." to '/-^e 7iec*sc s'ote-aien^ of the law 
of refiraction tn jZ,y^T^ Si^cli no. jlec: i The need to 

eliminate tne co-o^^reu ^ Cwf-ne cf ii icraj.: ootamed 

with siniple lenses led to scz^i cpe^^a-iLO 

A number of c^^ccznztczii et cc-..Dp.^*. z to e.. Ck, i.A.c ge ih*" *5tud\ 

of light at an early sU3e hcizzA jnz* tIzu^s^ Oat ci qu* of GrccK 
idealism there had ejner^eo unc srery a3.>c^^ lac? ^.a* leP 'T.Iien 

oui seuses) deceive tLz ea^^rer 

than an> cities — ^man had ce^ome accosj^omed ase cf the narror as on 

aid to adornment Eaiher sek ite bud pi_’'^ea aoo^t seen in 

pools Things do not always see'll to be ^tner* they a -c .0 te the nght 
way up Early mteresl m siicL lilasicns Jiusiratea ii^oV cf the 

disappearing com, which was cerreedy mieipieiei as an efiect 

due to the bending oal*;ards of light when it prases £. >:n v.tci mci sir as 
shown in Fig 69 Optical iIiasions3 ^thich pcsusich en<Gv Jv- - p 'ct in tne 
pnestly magic, assumed a special practical m^portonci m age when 
people were mtensely interested m the heavenly bodi5^ and were beginning 
to have a scientific knowledge cf them 

There are several very sinking optical illusions in the erydaj^ life of people 
who watch for the nsmg and secting of the sun and moon ^Tien near the 
horizon the sun and moon appear to be much larger than when seen high 
m the heavens When seen nsmg behmd a hill they seem to move much 
more rapidly than they do when they are abo\e us Measurement of the sim’s 
or moon’s angular diameter by an instrument, or of their bearmgs when 
nsmg and settmg do not confirm our first impressions A1 Hazen was among 
the first to realize what we know to be a correct explanation of the deception 
Our estimates of sizes and distances near the horizon are pecuhar because we 
adopt comparatively near terrestrial objects as our standard of comparison 
In learning to use the astrolabe or quadrat, men were taking the farst eventful 
step of manufactunng social sense oigans which do not deceive us in arrangmg 
the conduct of everyday life One important fact m connexion with the 
early development of what we now call geometrical optics is that the kmd 
of mathematics which developed m connexion with astronomy is specially 
useful for measunng the elementary propemes of hght 

The Narcissus myth still pursues us m everyday life firom the moment 
we get up in the morning and shave or powder before a mirror It no 
longer provokes among sensible people the mystification which led early 
philosophers to devise the false antithesis of appearance and reahty* Today 
the ^spetience of photography is enough to dispose of Plato’s behef that the 
eye sends forth light. Appearance is part of the r^ty which medudes a correct 
account of how our sense organs do their work. We know enough about 
the sense organs to see clearly what early saence could only grope after m 
the dark. Vision is not merely a static copy of the changmg world We have 
to leam to use our eyes as we have to leam to use any other instrument 
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Our estimates of distance^ directions and position do not merely depend on 
what the retma of the eye tells us They mvolve complex movements of the 
muscles that move the lens of the eye, of the muscles that change its 
curvature and of the muscles that wield the eye itself m its socket, together 
with movements of the muscles of the neck and limbs and all the signals 
which these muscles send to the bram when they move We learn to co- 

B 




Fig 69 

The disappearing com tnck is of very great antiquity and provided the Alexandrian 
astronomers with a correct explanation of certam astronomical phenomena, such as 
why the apparent time of settmg of the sun is a httle later and its apparent nsmg 
a httle earher than expected from calculations as given m Chapter IV, p 197 When 
the vessel is empty the eye cannot see deeper than the level of A, and the com can 
only be seen if the head is raised till the eye is at B If water is poured mto the vessel 
the com at the bottom becomes visible When the sun is just below the honzon m 
the geometrical sense simbeams passmg from rarefied space mto the denser atmo- 
sphere of the earth are bent downwards, so that the stm remains visible for a short 
while after it is actually below the level of the honzon, just as the com is visible m 
the lower figure though below A 

ordmate our bodily movements with those of our eye muscles and with the 
pattern of light on the retma from the common experience of everyday life 
Part of our everyday experience is that a beam of hght has a straight 
edge, or to use a customary figure of speech, *^hght travels m straight 
lines We leam to put things Jane ** The delicate adjustment which 
makes us able to grasp a thing by seeing it, or to direct our gaze to the thing 



Spectacles and Satellites 137 

we touch, IS easily upset By a sinp^e aetice shown in Fig 70 we can 
direct our eye movements so that e mfei a set of Imes w hich are really parallel 
to look as if they con\erge ojl cL\erge Uy usjnLg minors, or looking at an 
object immersed m a different med- am hon that in n hich w e usually see it, w e 
can make a beam of hght cnange course from an uninteiruptcd straight 
line So our eyes lead us to mai^e judgirents that do not agree with those 
which we are led to mal^e wnen we also use oui organs of touch In such 
situations we call what vve see an of the thing or object as we see it when 
the testimony o'' alt out sense organs agrees Reai images which can be 



Fig 70 — ^Two Optical Illusions 

Judgments of vision do not merely depend on the static picture focussed on the 
retina at a given mstant of time They mvolve active movements of the eye muscles 
If these movements are biassed our geomemcal judgments go awry Thus the two 
Imes AB and CD m the upper halt of the figure are the same size, and the vertical 
Imes m the lower half are all parallel You can see that they are, if you half shut your 
eyes 

caught on a screen are distmguished from virtual images which cannot. 
The image on the ground glass of a camera or the image of the sun 
focussed with a burmng-glass are familiar examples of the former Re- 
flecuons m flat mirrors are femihar examples of virtual images 

The elementary prmciple that "‘light travels m straight hues” was implicit 
m all the astronomical lore of the ancient world So was one of its conse- 
quences on which, as we shall see later on, depends our knowledge that the 
earth^s path around the sun is not a perfect circle, as Plato beheved The 
apparent size of a body depends on the angle which light reflected from its 
outennost edges makes with the eye of the observer We caH this angle the 
angfiliir diameter. Fig 71 shows the same spherical object drawn at two 
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different distances ftom the eye When it is nearer, the angular dtameter is 
larger than when it is far away The sine of half the angular diameter is 
the ratio of its radius to its distance from the observer When the angle is very 
small the ratio of two radu is not appreciably different from the ratio of the 
two angular diameters (Fig 71, legend) Hence the apparent length of the 
radius of a circular or sphencal body seen m different situations is mversely 
proportional to the distance When we magnify a body by a mirtor or a lens 
we diange the path of the light commg from it so that the angle between the 
beams or “rays” convergmg on the eye is mcreased The magnification of a 
very distant object is thus the ratio of the angular diameter of this seemmgly 




Fig. 71 — ^Appasent Size and Distance 

The same object seen near and fat away The angles a and b axe called its angular 
diameters as seen m the two situations If r is the actual radius and d the distance, 
sin ia = r — d, and sm 46 = r — D. When very small angles are measured in circular 
measure (i e ratio of the aic to the radius of the circle ot whose circumference it is 

part), i<z = sm ia = PQ — d and ib = PQ — D (see Fig 213) Hence ? = ^ 

t> a 

nearer unage to the angular diameter of the object seen without the 
instrument 

Modem telescopes use curved mirrors as well as lenses for magnification 
Two espenmental laws are sufiiaent to deduce die essentials for designmg 
mirrors and lenses so as to produce a known degree of magnification, whether 
m constructing a telescope prescribing the right spectacles or for the vanety 
of other uses to which magmfymg devices are now put m everyday life. The 
fundamental law of lefiecaon is that when a shaft of hght s trik es a fiat 
pohshed surftce it is bent outwards in the same plane, making equal an gles 
widi an imaginaty perpendicular drawn where it hits the mirror, as seen m 
Fig 72. That this is app aoan m ately true is easily seen when a bright shaft 
of h^t ftlls duot^ ohi^ air on a pohshed sud&oe. It can be tested more 
preosefy by the use of pins and a mirror {fiaoed ei^erwlse on a sheet of paper 
as esplamed m Fig. 73 The Alemndnaa asttoaoiBets were fifcmaufr wi^ die 
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application of the law to the formation of magnified images by curved 
stirfaces* The second prmciple which is necessary for understanding how 
magnification is produced by lenses is the law of refraction or the bendmg 
of a beam of hght when it passes from one transparent medium mto another 
This bending is beaunfuUy seen when a shaft of hght passes through an 
aquanum tank with glass sides as m Fig 74 



The redaction of light inwards when a beam of hght passes mto an aquanum tank 
filled with water and outwards when it passes mto the au* agam Pas&mg from air to 
water the mcident angle z = 45*^ m the figure, and die angle of refracnon (r) is given 
by Snell’s law, viz sm z = sm r x R, i e 

sm r =s sm 45® ~ R 

Very accurate determination of R for air and water gives the value I 3 or 4/3, From 
the tables sin 45® «= 7071 

sm r = 7071 — | = 5303 

Tables give sm 32® == 5299 So r is very nearl 3 F 32° In usmg the formula remember that 
R IS 4/3 for hght passmg air to water, i e if R is 4/3, z is always the angle which the 
ray makes with the vertical m air and r is always the angle winch it rn^es with the 
vcracal m water, irrespective of the actual direction of the beam If, however, we 
apply the terms ‘"angle of mcidence” and “angle of refracuon^Jiteraliy, then R is 3^ 
for light passing from water to air The first convention saves us the trouble of 
recordmg two values of R for each pair of media 

The technology of the telescope was not what first directed attention to 
It In contradistmctton to the physiological distortion of objects seen near 
the horizon, when viewed with the unaided eye, another class of optical 
puzzles arises in the study of celestial phenomena, especially m connexion 
With a practical problem on which the collection of fines ftxm motorists 
depends today. As you know, hghtmg-up tune is fixed when *‘civil twilight*' 
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ends^ and this rests on calculation of the times of rising and setting of the 
sun From geometrical pimciples outhned on p 90 and explamed more fiilly 
m the next chaptei^ the times of rismg and setting of a hea\enl} body are 
calculable from their position (R A and D'^cunation) in tne celestial sphere 
Such calculations do not exactly correspond to the ob^^ei^ed times of visi- 
bihty at the horizon level unless a small correction is made for an illusion 
which depends on the fact that lignt is bent m\\aras on passmg from empty 
space mto the earth’s atmosphere The amount of this bendmg depends on 
the angle from which the object is seen;i and has nothing to do with the 
imperfection of the e>e as a physical mstrument So observations on the 
direction of the son, moon^ or stars, v^evved near the zemth, do not accuratelj^ 
correspond to observations made near the horizon To put the matter m 
another way, the sim is not geometrically m Ime witn the horizon edge at the 
moment when it is seen settmg It is already a httle belo’w it, as the penny 
is a httle below the hne joimng the edge of the basm to the e>e m the dis- 
appearmg com trick 

The astronomers of Alexandria \^ere fully comersant v^ith the existence of 
refraction, and reahzed that it provided the explanation of the disappearing 
com illusion, and why bodies immersed m \\ater seem to be nearer to the 
surface than we find them to be when we try to grasp them The attempt 
to find a correction for ^^atmosphenc refraction” led Ptolemy of Alexandria 
to make the first extensive physical experiments m which numencal measure- 
ments were recorded to discover the amount of bendmg In his experiments 
he studied the passage of hght from air to water, from air to glass, glass to 
water, and vice versa For water and air, he used a piece of apparatus essen- 
tially like that shown m Fig 75 Although Ptolemy obtamed numencal 
data good enough for makmg an empirical correction for the bendmg of 
hght m passmg from one medium to another, his results were not accurate 
enough to display the simple geometncal rule which more carefld observation 
might have disclosed Though atmosphenc refraction does not affect observa- 
tions on the tim e of transit, it does affect observation of the exact time when a 
heavenly body is seen m a given position east or west of the mendian 
When the mvention of the telescope revived interest m optical phenomena, 
mterest m atmosphenc refraction was renewed by the attempt to make 
accurate determinations of the moon’s R A and the positions of the planets 
by observations when they are not on the mendian with the help of 
methods explamed m the next chapter 


THE NATURE OF A SCIENTIFIC LAW 

There is much misunder s tanding concerning the meanmg of a saentific 
law So It may be well at this stage to illustrate the meanmg, scope, and 
method of amVmg at the law of refracuon by usmg the first recorded body 
of numencal data m the history of experimental science By refemng to 
Figs 74 and 76 you will see what is meant fay the angle of the madent ray 
(i) and the angle of the refracted ray (r) when hght passes from air mto water. 
The tenns are relative to the direction from which we are supposed to view 
rhft souirce of hght If lig ht passes from water to air it is bent outwards and 
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the incident angle is the smaller of the two If hght passes from air to water 
It IS bent mwards and the angle of refraction is the smaller The figures obtamed 
m one of Ptolemy’s experiments* are given m the two left-hand columns of 
the succeeding table 


Angle of 
Inadence (0 Observed (r) 

0 ° 0 ° 

10 ® 8 ® 

20® 16J® 

80® 22J® 

40® 29® 

60® 85® 

60® 40i® 

70* 46i® 

80® 60® 


Percentage Error 

7f® 3 1 

16i® 1 7 

22i® 1 1 

28i® 0 9 

34i® 0 7 

401 ® 0 0 

46i® 0 6 


Angle of Re&acaon 

Calculated by 
Proportional Parts 


Suppose we are satisfied that every one of the figures m this table is 
correct That is to say, repeated observations agree We can use the figures m 
one of three ways to calculate how much a ray entermg vrater will be bent 
The first is arithmetical, and is called the method of proportional parts 
To find the angle of refraction when the inadent ang^e is 22° we should 
refer to the observed values tabulated as above, finding that the two nearest 
figures for the madent ray are 20° and 30°. An madent ray of22° is obtained 
by adding or i of the mterval (10°) between 20° and 30° to the former 
fiiguie The corresponding angles of the refracted ray axe 15^° and 22|®, the 
mterval being 7° Addmg i x 7 to 16J we get 16 9. To see how fer this 
procedure is saus&ctory we may compare the values of the refracted angle 
m Ptolemy’s experiment calculated on the same assumption with the values 
be actually obtamed. Thus 10° is half the mterval between 0° and 20° and 
the corresponding angles of refimction axe 0° and 15^° Half the mterval 
between 0 and 15§ is 7f instead of 8 as the experiment gives We thea get 
the values given m the third column The fourth column, showing the 
percentage error of the calculated as compared with the oteerved value, 
mdicates that the greatest discrepancy is 3 I per cent, the average bemg 
1 *2 per cent For madent angles between 0° and 70° we might reasonably 
condude that sudi calculations would not goierally lead us to make an error 
much lar^ than 3 per cent, and rarely if at all more than 4 per c»nt A 
second way of using the information provided m the table would be to plot 
the values on squared paper, draw a smooth curve as nearly as possible 
through them, and read off ihe values which we wish to find out. Either of 
these methods can be made more accurate by mduding as many observatious 
as we care to make m our table or graph of recorded results, and both axe 
open to the objection that we have to refer to the original data whenever 
we wish tcrmake a calculation. 

The third method of using the data is to find some simple expxessiion 
fiom which all the observed values can be infisi^ with a fiui^ hi gh degree 

* As given in the tra n slaia on cited by Bnmet (JSfsunra^ Seietteasi 
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of precision Once vve e foi-jid such e’^pression and ascertained how 
big an errci can arise J 2 l smg xro h'"\ e no to refei again to the ongmal 
data Such az ^ jf ^ J s^ate^rent of obi>eived 

uvth'^ hnczvH as c ^ cLd net h succeed m detecting 

any simple icie of .cna connccung _ e ‘ ^ o>n med The truth 

IS that his observancx^g on ocnwocg of f'e s h.ge- ^»zies T(*% 20% 

and 80=*^ vere nOu C-n icCi..r wj. m..ae ”* r d^\.zz a one m Fig 75 


> 

\ 



Fig 76 

A simple apparatus for finding the law ot refraction^ vthich can be made with a fret- 
saw from three-ply wood At x\, B, C nails project When one oar is held m any posi- 
tion the other is rotated till all three projecung nails appear to be m line From the 
graduated scale of degrees, the ‘‘angle ot mcidence,” i e the angle hght makes with the 
veracal m air^ given by the bar BC, can be compared with the “angle of refraction,” 
1 e the angle hght makes with the vertical m water, made by the bar AB 

In this instance the source of hght is the light reflected from the bottom pm A, 
qnd a lay foUowmg the path AB is refracted outwards m air along the path BC to the 
observer’s eye It is immateml whi<h we call the angle of mcadence and the angle of 
refraction as long as we always keep one term for the angle of the hght ray m air and 
the other for the angle of the hght ray m water Literally speakmg the latter is the 
mcident ray m this case, but the law is usually stated as for hght travelhng m the 
opposite direction, m winch case the ternK have the meaning given above 


a schoolboy can get data which agree more closely with careful observations 
earned out with good instruments 

In seeikmg for a simple formula connecting two sets of numbers such as 
those m the first left-hand column (f) of the prec:edmg table and the corre- 
sponding figures in the next column (r) the investigator may be guided 
by the shape of a curve based on his observations, or by analogy between 
the process that he is studying and some other process for which he already 
knows a satisfectory law He may have to try several ways of stating the 
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connexion before he finds one that is sausfactory Kepler proposed the 
formula 

Kr cos r 

* K cos j - (K - 1) 

Snell and Descartes gave the lav as 

sm 2 = R sin y 

In these two formulae K and R are ‘‘constants,” i e fixed numbers which 
are the same for any pair of media, eg air to water, water to air For different 
pairs of media different values of R or K must be used These can be tabu- 



FiG 76 — ^Limits of Refraction 

Foiir ra 3 rs j5:om the bottom and sides of a vessel convergmg at the same pomt P 

1 (angle of refraction zero) is not bent, when passmg out mto air 

2 (angle of refraction less than cnti(^ angle, C) bent towards the surface on 
emergmg mto air 

3 (angle of refraction equal to the critical angle) emergmg lay just grazes the 
sur&ce 

4 (angle of refiracuon greater than the cntical angle) does not emerge but is reflected 
downwards 


lated m a short hst of refractive indices This dispenses with the need for 
constant reference to all the ongmal experiments carried out to ascertam 
the law * 

Havmg found a formula which seems to connect two sets of measurements 
m a physical experiment the first thing is to ascertain how well it fit? them 
As Ptolemy's figures for smaller and Imger angles do not agree with careful 

* In using them, of course, we must remember, that m passmg from water to 
air instead of air to water, » will be the angle which the beam makes with the vertical 
m water and t will be the angle it makes with the vertical m air The values of R are 
usually tabulated for h^t passmg from the lighter to the heavier medium Otherwise 
the reciprocal of the tabulated value is used* See also p 148* 
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observations vhich any competent person can makCa ve mav shorten his 
table to illustrate how tins jis done In ICenler’s and Snell’s Ja>* c K and R are 
constants for a given pair of media How fai tins statement it tiue is seen 
from the follow mg table which jou will CnJ it mb^ructi\e to check For 
mstance^ on lookmg up sm 20° m tables of smes is foend to be 0 312 and 
sm 15|° = 0 267, so that by Snell's formula R = 0 3^2 — 0 2*»7 == 1 2b 


t 

r 

K.er'Jer’s fc mixe 
i^= * - 

— Cc^r — 

Srei ’s torrra'a 

SxTl r 

20 

15^ 

1 2S 

1 LN 

30 

22^ 

i 3u 

1 d. 

dO 

29 


•' 1 

50 

35 

- Oo 

i 3 

60 

lOi 

i 01 

i 33 

70 

45^ 

1 S3 

1 3j 


Havmg done this to find a representam e value ot the pn>sical constant 
characteristic of the substances which we are usmg^ we h'^\e next to test the 
accuracy of the law we propose to use Tokmg toe mean of the values m the 
last table as representative, K = 1 32 m Kepler’s law and R = 1 32 for 
Snell’s law apphed to water and air, we may check the accuracy of each law 
by companng values of r calculated by the formula wnth values actually 
observed For mstance, by Snell’s law, sm r = sm ^ — R If 2 is 70°, sm t 
= 0 9397 and sm r = 0 9397 — 1 32 = 0 7119 The tables give 0 7119 
as sm 45 38°, so the calculated value of r, (45 38°), differs from the observed 
(45J°) by 0 12°, and an error of 0 12 on 45^ is 0 3 m a hxmdxed or less than 
0 5 per cent Makmg a table of the percentage errors obtamed m calculatmg 
values of r from values of * by the two laws we get the following 


t 

Observed 

t Calculated 
from r by 
Kepler’s Law 

Percentage 

Error 

r 

Obser\’’ed 

r Calculated 
from 1 bv 
Snell’s Law 

Percentage 

Error 

20 

20 71 

3 6 

16i 

15 02 

3 1 

30 

30 61 

1 7 

22i 

22 27 

1 0 

40 

40 12 

0 3 

29 

29 15 

0 5 

60 

49 71 

0 6 

35 

35 47 

1 3 

60 

59 46 

0 9 

40J 

41 00 

1 2 

70 

69 56 

0 6 

46^ 

45 3S 

0 3 


M.ean percentage error 1 3 M-can percentage error 1 2 

Takmg the facts as they stand, 1 e assuming that Ptolem}^ s data are as 
accurate as we can make them by usmg the best mstruments and the 
most careful record of our readings, we see that between 20° and 70® 
we can calculate the angle of refraction correct withm 3 per cent, or 
withm half a degree, by usmg Snell’s law Clearly, also, there is not 
much to choose between the accuracy of the two laws with only this 
information to guide us. To decide m favour of one or the other we may 
next compare the results of applying both laws to other media, e g water 
and glass, or glass and air, or, using the same apparatus as befi^rc, air and 
paraflSn, air and alcohol, air and glycerme, or water and olive oil It naight 
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happen that the average error was much larger for some media than for 
others^ usmg one law, while the other gave results of equal consistency We 
should then have a leason for deadmg m favour of the latter It might 
happen that the differences between observed results and values calculated 
by either law were never greater than the accuracy with which we could 
make the observations Foi instance, it might happen that repeated observa- 
tions would not agree withm half a degree, and that both sets of calculated 
values would not differ from the observed average values by more than half a 
degree Either law would then be a safe gmdc to correct conduct, and our 
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Fig 77 

One queer tbm% about the fish’s heaven is not mentioned in Rupert Brooke’s poem* 
The sun sets m the heaven of the fish at an angle of 49® instead of 90® from the zemth 
and the whole ter r e s trial world which is visible to the fish is compressed m a cone 
of which the apex is 2 x 49® When the sun is just dippmg on the horizon its rays 
enter the water at nearly 00® from the vertical, bemg then bent to 49® from the vertical 
The result is that the sun appears to be at P 

only reason for preferrmg one to the other would be that usmg it mvolved 
less effort 

In this case Snell’s law is the simpler of the two That is to say, we can 
calculate more qmckly with it However, it should not be regarded as the true 
law of refraction merely because it is simple It is more true if it 3nelds 
results winch agree more closely with observed facts Even if it were less 
accurate than Kepler’s law we might still use it m certam situauons If 
you only want to know the angle of refraction within a degree, a law which 
tells you how to calculate it with an error of half a degree is just as good as 
a law which tells you how to calculate It withm a hundredth of a degree* So 
if the first happens to mvolve less effort spent in calculation you will naturally 
prefer it to the second In testing a law there is another important thing 
to remember Our table shows bow the law helps us to the angle 

of refraction for mcident angles between 20*^ and 70^ Would it be true from 
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{f to 20"" or from to T. e drt'u do us Bat iv^o siuipk experi- 
ments SLiBce to sno^'" ^zz lor. nolds Zl uue extreme brm^s A 

beam of light passing \e ’ll i -rda? ro vLs-^*accJ to the right or 

left^ 1 e when i == 0^ , = i SneL’*^ lav* g es ^ 0 ~ R =r o, i e r = 0 

If a beam of light. |ast giaz^s ifaoi of tti '^ici the '"nr*e oi madcnce 


IS 90® Snell’s law cno-v*^ "iv!: = s^CS® — 2. = ^ Trl^ng be mean 

given abo/e-, sm — Z G2 = C "oT'** The tuC..es tii as tnat 0 ToTo 
IS the sme of -19^^ or 4C® ic ibe ncoro^L aegree rtus raeas^. that a tieam 
of light coming from ao. into water ccrurc^ Le bent r- that the angle of 


r 



I 



Fig 78 

Two prisms (with angles 90% 46% 46% arranged as in the figure corjtitute the esscnual 
parts of a periscope PaxaUel rays from the object enter the firstjace at npht ang]^ 

md are not reflected The unrefiracted ray stnk^ the slannng sur^ce at 4o 

vertical This is greater Than the critical angle for air and glass so the ray does not 
pass out mto the air It is reflected downwards 

refraction i$ more than 49® (i e bent downwards 90® — 49® == 41®) as shown 
m Fig- 76 Conversdy if a beam of light m water is inclined to the veram 
at 49% (r = 49®)s it will be bent outwards so much that it will just graze the 
surface as it passes mto air, and if the “angle of refraction ’ in water is great« 
than 49“ a twflm of l^t will not pass out mto air at all It will be totally 
reflected backwards at the surface (Fig 76) This is called the mhcol ar^le, 
and can be determmed very accurately m agreement with Sn^ s law. For 
air iTitn flint glass the value of R is 1 66 and (1 -r- 1 65) = 6 666 — 
(neatly) So the critical an^ for flint glass is 37». Thus a pmm with an^« 
46“j 45® and 90“ can be used as a perfect mirror if placed as m Fig. ^o. 
Pzisms are used as reflectors in hinooulars and pensoopes 
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The mam pomt to grasp about a scientific law based on measurements is 
that It is (a) a condensed statement of observed facts to use as a gmde for 
practical conduct, (&) the most economical way of gettmg a result as accu- 
rately as \^e need it So to say that a law has been superseded does not mean 
that It IS WTong m an absolute sense It is wrong to go on usmg a law when 
It is no longer sufiSciently accurate for our needs, especially when we can 
summarize what is knowm m a way which is sufficiently precise for use 
Right and wrong m the domam of scientific laws is partly judged m its his- 
torical context, as behevers judge the family life of the patriarchs There is 
also a third sense m which a scientific law is not absolute At certain limits it 
breaks down In the quaint language used by scientific workers of the Soviet 
Umon this is expressed by sa>mg that “quantity passes mto quahty ” So a 
third pomt about usmg a law is that we are not entitled to apply it beyond 
the lumts of the ongmal data imtil we have ascertamed withm what limits 
It IS true. When the madent angle of a beam of hght passmg/roiw water into 
air is greater than 49"^ the law of refraction ceases to apply and another law, 
the law of reflection, has to be used 

To use SneU’s law we need to know R for the two substances which we have 
to deal with, e g water and air, glass and water, etc For any pair of them, 
R can be found by experiment once for all The values which have been 
found by careful experiment are tabulated m books of “physical constants ” 
As given m them, it is usually imderstood that the light passes from the 
hghter medium (e g air) to the heavier medium (e g glass) So, for purposes 
of calculation, the angle of madence is the angle of the beam m 
the hghter medium, and the angle of refraction is the angle of the beam m 
the heavier medium, irrespective of the actual direction of the beam This 
convention saves us the trouble of recording two values of R for each pair 
of media, eg R == f for air to water, and R = f for water to air (Fig 74) 

The tables usually give only refractive mdices of transparent substances with 
reference to air If you know the figures for R between air and two other sub- 
stances, you can calculate the value for R when hght passes from one of them 
to the other by a simple rule which is easy to expose m a scale diagram like 
Fig 80. The rule is 

R (B to C) == R (A to C) - R (A to B) 

Thus for air to flmt glass, R is given m the tables as 1 65 For air to water it is 
1 33. Hence for water to flmt glass it is 1 66 — 1 33 =» 1 24 

ACCURATE DETERMINATION OF THE REFRACTIVE INDEX 

From what has been said, it is clear that we need better data than the ones 
which Ptolemy recorded to decide between the merits of Kepler^s formula 
and Snell^s law. With properly constructed instruments it can be shown that 
the latter is more accurate. The value of R (or the refractive index^ of sub- 
stances does not vary more than 0 01 per cent when calculated according to 
Snelf 8 law 

One method of determtopg R for different substances is illustrated m 
Fig. 79 Another is shown m Figs. SO and 81. When li g h t passes through a 
tzansparent substance the emergent beam is parallel to the incident beam, if 
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Fig 70 


One way of testing Snell’s law or of finding the Refiracuve Index (R' for a liquid is 
to compare the actual depth of an object immersed m a tall c\ljliidcr of the hquid 
with Its apparent depth judged by holding a duplicate outside the c\linder ’n sucti a 
position that both the immersed object and its duphcate appear at the same ie\ el when 
the head is moved from side to side It Snell’s law is true 


R _ real depth 
apparent depth 

In the diagram O is an object immersed The ray OB makes the angle r with the 
vertical and is bent outwards makmg the angle i with the \erticai on pissmg mto air, 
so that the object appears as if it were at I By parallels 


* “ Z-AIB and r = Z.AOB 
sin AIB — and sm AOB ■= 


sm % _ sm AIB _ OB 
smr sm AOB IB 

When we are looking downwards the angles i and r are very small, so that 

BO ^ AO ^ real depth 
B1 A1 apparent depth 

For water R «=* so that the apparent depth is three quarters of the real depth This 
IS the reason why a spoon appears to be bent when half unmersed m water. Every 
pomt immersed m the water appears to be only i as low down as we expect it to be* 
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the two opposite faces are also parallel If the faces are mdmed, like those of 
a prtim, the emergent ray is bent mwards For reasons shown m Figs 80 and 81 
the value of R is related m a simple way to the mclination A of the two faces 
through w hich the beam oi hgnt passeSs and to the angle D, which the emergent 
lay makes with the ray entcrmg the pnsm when beta are mclmed at the same 
angle (x) to the faces from which they lespectivelj emeige or at which they 
enter the pnsm This relation is 



N. 



Fro. 80 


R^&actxon of pure light of one colour through a pnsm of 00® The refractive index 
(R) of the glass is 1 5 So if the mcident ray (m air) is 46®, 

sm r «= sm 46® 1*6 = 0 707 1 6 «= 0 47 

Smee sm 28® = 0 47, the angle of refraction at the first face is 28® 

To find the a ngle D for a pnsm with faces mclmed at an angle A an instru- 
ment called a 'spectrometer is used. This consists of a source of hghtj which 
projects a thin beam on to the pn^ and tdiescope^ both capable of revolvmg 
on a turntable witfei a graduated scale to record the angle All that is necessary 
IS to find the posiuon m which the telescope and the source of hght pomt 
at equal angles to the two prism fimes while the telescope receives the beam 
To find the refractive hidea of a sedid substance^ a prism^inade ef it sa used. 
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To find tnzt cf v lica^ I c Paism thin glass is fillecl with it 

Tnc prcCiSiOn of the Ian cm be cons’«ttiic\ of resxJts obtained 

when prisms \\ ijol faces m-wLi^co. zt c^crent anjiej. are uztJ. 



Fig «1 — ^Accurate Determination of Rieractivi: Index Diagram oi 

Spectrometer 


The pnsm fupper figure) is set so that the two faces which enclose A are equally 
inclined to the line joining 0® to 180° on the scale The source of hght and the telescope 
are moved till the telescope receives the beam whde tht> are inclined at equal 
angles a to this Ime The angle of deviation tD) is then 180° — 2a 

The beams entermg and leavmg the prism^ then make equal angles {xj with tnt twou 
faces which enclose the angle A^ and t =90° — x 

Smee the /JD = the sum of the two interior opposite angles, each (i — r ; 

D = 2(» — r) * = JD 4- 

Smee the Z-A and the two base angles, each equal to jc -f- u *";» make up 2 right 
angles * 

A 4- 2(jt -f * - r) = 2(90°) 

A 4- 2(90° - i 4- I - r) = 2(90°; 

, r = 4A 

R =. sm i(A 4- D) 

smr ” sm iA 


The social conduct for which the laws of reflection and refraction provide 
us with guidance includes designing mirrors for shaving^ or as reflectors for 
lamps, for searchhghts, for telescopes and for periscopes; prescnbmg lenses 
for spectacles, or comhmmg lenses in cameras, m magic lanterns, m telescopes, 
in microscopes, and m various surgical devices like the laiyngoscope and 
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auroscope^ also designing pnsms for spectroscopes, for periscopes and for 
binoculars Designing lenses of the right curvature to produce magnification 
m\olves a knowledge of refraction at curved surfaces, m contradistinction to 
refraction at a plane surface described in its simplest form by Snell’s law 
The nature of refraction at curved surfaces is more easily understood 
when we know how magnification can be produced by reflection at curved 
surfaces 

The image produced by a plane mirror cannot be caught on a screen It 
IS a virtual image To represent it m a s<^e diagram we have only to remember 



• f / 
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'■/ 


A 


Pig 8-' 

I IS called the vntual image of the object O, because it merely represents the pomt 
from which the reflected rays entermg the eyeball appear to diverge This pomt hes 
as fas behind the mirror as the object does m front of the mirror A virtual image 
cannot be caught on a screen A real image (pp 166, 157) can 


that the only “rays” of light visibly refiected from any pomt on an object 
(Fig. 68) are those which do not diverge by more than the width of the 
pupil wherfc they enter the eye This means that to represent the image of 
any pomt of an object placed before a inirror we only need to follow the 
path of any two rays wiuch enter the eye and tra<% them backwards to the 
point from which they appear to diverge Usmg this method (Fig 82) shows 
us that the image of a pomt at a certam distance m front of a mirror is situated 
at the same distance hehmd it. By ttagng out the course two rays from 
eadbi of the three oocnexs of an L-shaped figure} as in Fig 83, we also see 
that the virtaal image is updght and Kjevexsed from left to n^t To put the 
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issue in anotJier way^ the image of a page of prmt seen in a mirror resembles 
the appearance we should see if ^e 'were lookmg at the script through a 
transparent page The method of reconstructing the image by representing 
small beams of hght or ‘‘rays” reflected from its edges as geometncal lines 
therefore agrees with the three most fanuhar characteristics of reflection 
from a flat surface like a hand mirror or a pool of water 

In applymg the same device to mirrors witti cur\ed surfaces such as form 
a shce from the surface of a sphere, the Ale\andnan astronomers used the 
reasomng which they had learned to use m dealmg with the observer's 
horizon We can look on the immediate neighbourhood of the place where a 
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Fig 83 

By coGsidenng the points ftom which any pair of rays appear to diverge when an 
angular object is placed before a mirror we can see why me image is reversed from 
left to right (The rays as drawn diverge more than would be possible for any pair of 
rays orir^nng the pupil unless the object were very small compared with the eye 
placed very dose to me object The exaggerauon is necessary to make the relations 
between object and image dear } 

ray of light strikes a sphencal surface as a little patch of fiat earth That is 
to say, the ray is refiected as it would be if it struck a fiat mirror placed in the 
piqpft which IS tcmgentud to the surface at the pomt where it strikes A line 
whidh joins the pomt where the tangent plane grazes the suri&ce to the centre 
of the imaginary sphere from which a concave or convex mirror is supposed 
to have been shced off as m Fig 84 must strike the tangent plane at nght 
angW If a lay does so, the angles of madence and refiection are equal So 
a ray pggging along the hne which joms any pomt on an object to the “centre 
of curvature” of a sphmcal mirror is reflected back on its own path Any 
other one is reflected m the same plane so that the angle the refiected ray 
With the line joining the pomt, where it strikes to the centre of curvature, 
IS equal to the an gle which the madent ray makes with the same hne. Rays 
that fell parallel to the line which joins die centre of die mirror to the centre 
of curvature are reflected so that they eidier converge towards (concave 
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Fig. 84 

A concave or convex mirror be looked on as a slice from a sphere silvered or 
polished on the inside or outside respectively The hne joinmg a pomt on the surface 
of a sphere to its centre is perpendicular to the tangent So the mcident and reflected 
ray make equal zemth angles with the line which joins the centre of curvature to the 
point from which the madent ray is rejected 



C. 



Fig 85 

The two rules which suf&ce for representing the image formed by an object placed 
befcare a concave and convex mirror are 

(X) A ray (a) which strikes the mirror so that it passes through or is directed towards 
the centre of curvature is refected back along its own path 

(2) A ray (5) whidi tuna parallel to the optical axis of the mirror is reflected back 
so that it paws through mirror) or appears to come from ^convex mirror) 

the focus* Ccmvecsely;^ a m (4) pommg. Aom the mcoa (oomave mnxoir) or prooeedmg 
towards It (convex mirroid tchopied piuaUel m the optioaX axia^ The axis IS the 

liTO wtdCh johis the ceiihetf of ctirfge^ 
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surface) or appear to divei^e from ^con\ e\ smfice) the neighbourhood of a 
point called the bc.t\vcc i tae centre ot curv ature and the mirror itself. 

If the distance bett^cen the ccL.f^e cf rjrv ature and ih'’ mirror is large com- 
pared with the diameter of ibe ihc d siencc ..f the focus from the 

mirror (the focal lennii^ .3 haif JraC dismnee /radius of 

curvature) from the miirv r co the cenue of*c. i*ie ^ in Fig So 

If the curvature of a cone? v z or cent -mi-O-. -.s are i-^ared v, can there- 
fore leconstruct the pesmon cf the anage ihe object is placed at a 

measured distance fiom it b’v tracing the rrm of ra\s rrom each of 
several points at die boixaary of ihe co^ect For pn ^Jzcal purposes the two 
end pomts are enough One ia> frem eecn pomt t in the '•anie straight Lae 
which ;om$ it to the centre of cur^amiw 1j[lz .3 reSected back along i^s 
own path The other is parallel to the o^'t.cu axis am refecied btek so 




Fig so 

Rays parallel to the optical axis converge to the locus of a conca\ e nurror which can 
therefore be used like a lens as a bunung-glass Ra>s which come from the focus are 
reflected parallel to the opucal axis If they come from a point between the focus 
and the mirror they diverge on reflection This is how mirrors are used on lamp 
reflectors or in headhghts to produce a diverging beam of hght 

that It diverges from (convex mirror) or converges towards (roncave mirror) 
the focus (Fig 8(5) 

The image produced by a convex mirror has the same general charac- 
teristics wherever the object is put It is an upnght virtual image reversed 
from left to nght like the image formed at a plane surface, differing only m 
so far as it is always smaller (Fig. 87, a) than the object This compresses 
a larger visible field mto a smaller space. So such mirrors are used as reflectors 
for motor-qrdes and cars to display objects approaching firom behind If an 
object IS placed between the focus and surface of a concave mirror (Fig. 87, 6) 
an upnght virtual image reversed firom nght to left is also obtamed Instead 
of being diminished the image app^rs to be larger than the object Everyone 
who used a shaving minor, which belongs to this dass, teows that the 
image dilarges as the face recedes nil a certam distance is reached when 
no dear image is seen* This point is the focus. If an object (Fig. 88) like a 
burning m a darkened room is placed beyond the focus of a concave 
lens tdted a little, we can focus a real and tnoerted image on a scxeeiv c g a 
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piece of paper If the object is between the focus and the centre of curvature 
a clear enlarged image is obtained when the paper is placed a certain distance 
beyond the centre of curvature If the object itself is placed beyond the 
centre of curvature the screen must be held m some position between the 
centre of curvature and the focus to get a clear image, which is then seen to 
be smaller than the object Concave mirrors are used m astronomical tele- 
scopes The object is at a great distance So an image is formed very near 
the focus, ^^here it is studied with a lens combmauon called an eyepiece 






Fig 87 

{a) The virtiial upright dinunished image produced b\ putting an object before a 
convex mirror as m usmg one for sightmg objects m the rear of the motor-cycle 

Cby The virtual upright enlarged image when an object is placed withm the focal 
distance of a concave (e g shaving) mirror 

By applying the two simple rules given m the legend of Fig 85 we can 
make a sc^e diagram (Fig 89) of the position of the real image and the 
object, and thus calculate the centre of curvature of the mirror or its focal 
distance Havmg done this we can make a scale diagram for the size and 
position of the image when the object is placed m anotiier position The 
results can readily be checked Havmg justified the method we are not bound 
down to drawing a scale diagram to get similar results The geometry of the 
scale diagram shows us how to calculate the magmficanon and position of 
the image by the simple fiymmtae explained m Fig 90, From these formulae 
We can deduce what cormote is necessary in designing a mirror to give a 
suitable magnificattcm at a convenimc distance for shaving. 
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Xhe real inverted image of an object placed beyond the focus of a concave mirror may 
be enlarged it the object is withm the radius ot curvature^ or diminished if beyond 



Fig 89 


The real image produced when an object is placed between the focus and centre 
of curvature of a concave mirror. If the arrows are reversed the figure also illustrates 
the case where the object is placed beyond the centre of curvature Adost optical 
diagrans are reversible in one way or another 
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Fig 90 — ^Formula for Magnification and Position or Images 

In this diagram C is the centre of curvature and F the focus of a concave muroi Its 
radius of curvature r is equivalent to OC and its focal length is cqmvalent to OF 
When the object is between O and F a negauve sign which precedes the numerical 
value ot V mdicates that the distance v is measured to the left of O 


Size of object AB = XO (approx ) 
Size of image « DE 


Magxuficauon^g 


Distance of object OB = « «= CB + 2/ 


Distance of image OD = i; «= 2/ — CD 


( 1 ) 


AB 

CB 


DE 

tana«^ 

DE _ DC _ 2/ - V 
AB CB "" tt - 2/ 


, . DE ^ , XO . , AB 

(u) = tan6 = (approx ) = gp 

DE DF V -f 
AB “ OF ““ y 


Combining (i) and (u) * «» — — 2/o + 2/» = 2/® — /» 

uv —fv V = " (m) 

Formula (ui) which gives the position of the image if that of the object and the focal 
length (jr) arc already known is easier to recall, if written 




The Imear magnification (u) is (o — /) — /« J — 1, and smee (iv) may also be 

written as j » — - — the magnification is — ^ 5 

If the mirror is convex OF is measured to the left of O, and a similar figure shows 
that formula (ui) holds when a neganve sign is attadied to the nght numeric^ value 
for/. 


COMBINING LENSES 

Tbe roles wUch bave been given for finding what sort and siase of image 
IS produced an object {fiaced at a known disWee &0m a minor, or when 
the image is situated, can ail be denioosttated bjr means of a simple optical 
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bench (Fig 91) which can also be used to make similar experiments with lenses 
Aiost lenses used m opucal mscrunients ere of two general classes (Fig 92), 
diverging lenses^^ which direct the path ot a beam parallel tc the optical axis 



ric 


Home-made bench tor mt-isiiTAng poc^ei w* ^ ^ n -o:* o:, 

com ergmg lens or r,v\iai holder €> 1 ^ a rr *ra 



FlO. 92 


Diverging lenses, (d) planoconcave, (Jb) biconcave 
Converging lenses (c) planoconvex, (d) biconvex 

F IS the focus m each case. 

away ftom a point called the focus situated on the same side of the lens as 
the source of light, and converging lenses, which brmg the rays to a focus 
on the side remote ftom the source as when we use a lens to bum a hole 
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in a piece of paper One aspect of a converging lens is always convex The 
other aspect may be convex^ flat, or concave If concave, the curvature of 
the concave side is less than the curvature of the convex One side of a 



Fig* 93 

A simple Search-light The lamp is at the focus of the concave mirror which hence 
reflects a parallel beam on the inner face of a diverging lens whose focus is at F J** 



Above, the short-sighted (myopic) eye rectified by means of a divergmg lens Below, 
the long-sighted eye (hypermetropic) rectified by means of a convergmg lens A 
third common defect ^^astigmatism” is due to unequal curvature of the rejBcacuve 
siit&ces m different planes This is corrected by a cylmdncal lens, i e a lens cut from 
the side of a cylinder, so that it produces convergence m one plane, but not m the 
plane at right angles to it* 

diverging lens is alwH3^ concave The other may be flat or convex with a 
curvature less thani:hat of the concave side. 

Converging lenses* as thdt name suggests, make the rays of a beam con* 
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verge as they emerge. Divergmg lenses do the opposite The eje, as AI 
Hazen was fiist to recognize, is a tmy camera with a translucent lens which 
produces an image on the sensitive la>er or retma When it functions pro- 
perly It can be focussed for near and far objects b}* muscles which change 
the curvature of the lens This adiustmeat is rarelj perfect, and most people 
are a httle ‘^short-sighted” or “long-signted ” In short-sighted people hght 
from a distant source is brought to a focus m front ot the retina, and a 



sm r = sin 46® — l 6 = 0 7071 — X 5 


Hence r is found to be 28® from tables of smes Notice that the direction of the ray 
which strikes the centre of the surface of the lens is unchanged when it emerges 
If the lens is thm, with a large radius of curvature, this ray which strikes the centre 
of the surface may be considered to pass approximately through the centre of the 
lens Itself 

divergmg lens is necessary to make the rays converge more gradually as in 
Fig 94, In long-sighted people, whose difficulty does not arise from the 
common feilure of accommodation at an advanced age, the reverse is true 
The eye is too short, and a suitable convergmg lens m^es rays which enter 
It converge on the retina 

Why light is bent in this way, when it is refracted at a curved surface, 
1 $ seen m the next two figures (Figs 95 and 96) A geometncal device similar 
to that for curved mirrors can be used to trace out the path of a ray through 
a lens The angles of madencc and refraction are measured from the line 

F 
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drawn perpendicular to the tangent at the point where the ray strikes the 
curbed surface The use of a lens as a burning-glass shows that parallel 
rays are brought to a sharp focus by a good lens of small curvature, and 
Figs 95 and 96 show that the direction of any ray which strikes the centre 
of a lens is not changed when it emerges Tf we know the focal distance of a 
lens the position and size of an image can be reconstructed by tracmg the path 
of two rays from any point on the object One is a ray which is parallel 
to the optical axis of the lens before it strikes the latter This ray passes 





This shows why a lay stnkmg the edge of a concave suz&ce is bent away from the 
opncal axis (diverging lens) ^er redaction The construction is made m the same 
way as that of the previous figure 

through the focus of the lens if the latter belongs to the converging type 
Otherwise it appears to diverge /rowi the focus The other ray passes through 
the centre of the lens. Its direction remains unchanged. 

Diverging lenses are like convex mirrors The image (Fig 97) is always 
upnght, and diminished m size It is a virtual image That is to say, it appears 
to be on the same side of the lens as the object and cannot be focussed on a 
screen. An tqmght virtual image is also obtamed with a converging lens if the 
distance between the object and the lens is less than the focal distanof* of the 
latter Instead of being diminished it is then magnified This is what happens 
when we look at small print with a “magnifymg glass If an object is placed 
on one side of a ooavez:^ng lens, we can also focus a mil image of It on a scteen 
placed on theodier side of the laos when the distance of object fi»m the 
lens 1 $ gieater than the focal distance. As with a concave mirror, the teal iina^ 
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IS inverted^ enlarged if the distance of the object is less twice the focal 
distance and diminished if the distance of the obicct is more than twice 
the focal distance (Fig 9S) A c:.mera is Sxmplj a bo'^ with a converging lens 
placed at the correct distance to focus a real iriagc of di^icvt t^biect" on a 



Fig 9< 


Above, the image formed by a divergmg lens is always \irtual, erect, and 

di m i n i s hed Below, the image which is iormcu by a converging lens when the object 
IS not further away than the focal distance ot the ions I he ira.^t is then virtual, 
erect, and enlarged 



Fig 98 


When the object is separated from a convergmg lens by a distance greater than the 
focal distance, an image is formed on the opposite side oi the lens and can be caught 
on a screen suitably placed T bis real image is always inverted It the object lies beyond 
2F the image is diminished If the object hes between F and 2F the image is enlarged 
This is the prmciple on which the *‘magic-lantem** or cmema works 

photographic plate* For landscapes, the distance of the lens need not be 
adaptable All rays from a very distant source are practically parallel, and 
converge so that the image is formed very slightly teyond the focus of the 
lens So the distance between lens and plate is practically equivalent to the 
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focal distance of the lens To find the focal distance of a convex lens, we only 
have to find where a screen roust be put on one side of it m order to get the 
clearest image of a very distant object 

Havmg found the focal length of a lens we can calculate the position and 
size of the image from that of the objectj^ or conversely we can find the focal 
length of a lens by measurmg the position and size of an object and its real 



The positive sign signifies th'it a distance is measured from the lens on the ^ame side 
as ihe object Hence, if / is the focal length of the lens, PF — — / 
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This formula for position of the image is easier to recall, if written 
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image^ by a simple scale diagram like the ones shown in Figs 97 and 98 
Altemativdy^ the calculation can be made from a formula which can be simply 
deduced from the geometrical relations of the diagram, as shown m Fig 99. 
The truth of the rules applied m either way can be easily established by 
simple experiments with an optical bench like the one m Fig 91. Their prac- 
tical use lies m finding what magnification can be got firom combinations of 
lenses in instruments like the tdescqpe and nucroso^. 
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Fig luo — K epler’s Telescope 

Rays coming from the distant obiect comerge tu pomts on the real m\erted image 
which would be seen if a screen were placed between the objecnve and ejcpiece 
From each of these pomts a cotie of rays then di\erges agam From these we can 
select two for graphical representation, one gomg tlixough the centre ot ilie eyepiece 
unbent, one parallel to the optical aMs, so do not be misled into thinking that the 
rays drawn from the objective to the first image are bent at the latter The ray passmg 
through the centre of the eyepiece would not exist m a telescope havmg the precise 
proportions shown It is put in as a sample to find the apparent ongm of the rays that 
do exist, 1 e the virtual image The focus of the objective is F© That of the eyepiece 
IS F^ In the figure the object is not very distant and the real image is formed be- 
yond Fe Where the object is at a considerable distance the real image fells almost 
at Fo and the lenses are brought together so that Fq and F* practically comode The 

magnification is the ratio of the angular diameters ~ ^ If the angles are small 

as stated on p 138, 

jb __ tan jb 
ia tan Ja 

When F<, and Fe are very close, so that the first image is only just beyond the focal 
distance of the objective and just inside the focal distance of the eyepiece (lower 
figure) 

tanib AB ^ BY 
tan Ja BX BY "" BX 

1 e the magnification is 

Focal distance of objective 
Focal distance of eyepiece 
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The simplest combmation of lenses to form a telescope is Kepler’s 
fFig 100) This IS made of two convergmg lenses One makes the rays of a 
distant object converge very slightly beyond the focus The mverted real 
image which can be seen if a semi-transparent screen is placed m a suitable 
position between the two lenses is formed m front of the eyepiece at a 




Fig 102 — The Microscope with Simple Eyepiece 

distance shghtly less than its focal distance Where the rays would converge 
to form an image if a screen were present, they diverge again m all directions, 
as from the edges of an illuminated object* So the result is the same as if a 
real object were placed withm the focus of the eyepiece, i*e a magnified 
virtual image is ptodmxd Kepler^s arrangement therrfore gives an inverted 
image Hence though useful fiwr astitinomical purposes it is not suitable 
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for viewing landscapes or the actors on stage For tne reasons illustrated 
m Fig 100 the magnification is tlie ratio uf the angular diameter *51 ot the 
Virtual image and the angular cii.jneter . t of the ch ect as seen without 
the telescope This .s the r^tio of tne focal el the fir lens and 

the eyepiece 

The simplest t}pe of comoan'^tion gi s.* **c upi^gnt image i^- Ganleo's 
(Fig 101) This is the tjpe of arranjement used m opera-gl isaes The eye- 
piece IS a divergmg lens In crdin'^n cn:ca.nstances a diverging lens produces 
a dmimished upnght image wh-.ch appejirs to situiteJ. on die san*e 
of the lens as the oo^ect Tins is otcause rays wi\ercmg the ooicct arc 


Ob;acir' 



Fig 103 — Thb h^fVERTiNG Eyepiece 

A telescope made of converging lenses can be made to give an erect image by usmg 
a third lens If the first real image formed near F^a the focus of the objective^ is made to 
fall at a distance equivalent to twice its focal length fiom the second Iens5 a real image 
which IS an mversion of the first iznage^ equi^lent m size to it^ is formed at the same 
distance from the second lens on the opposite side This image is, therefore, the 
same way up as the object If it is formed at a distance just a httle less than the focal 
distance of the third lens, a magnified virtual and erect image is seen by the eye 

made to diverge more so that they seem to come fh>m nearer the lens 
(Fig telescopic arrangement the diverging lens is placed between 

the convetgmg lens and the position where the real image would be formed 
if the eyepiece were not there These rays 3 convergmg to the focus of the 
converging lens, are made to diverge so t^t they appear to come from a 
virtual image l^ger than the real image which would otherwise be formed 
This virtual image is an mversion of die latter, and smee the latter is itsdf 
inverted, the result is an upright image of the ob|ect seen 

The microscope (Fig 102) is ^sentiaUy like Kepler’s telescope. The 
object IS placed at a distance fix>m the ‘‘objective” greater than — but less 
than tzotce — ^tbe focal distance of the latter (see Fig. 98). So a real, enlarged, 
and mverted image is formed m ficont of the eyepiece at a distance less than 
the focal distance of the ey^iece. The real image produced by the objective 
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IS seen as a virtual image which is magnified still further Any two lenses of 
different focal distances can be used as a microscope or telescope accordmg 
as we use the lens of greater or smaller focal distance as the eyepiece 

A microscope of two convergmg lenses like a telescope of the same t3rpe 
produces an mverted image One way of avoidmg this is the use of a com- 
pound eyepiece (Fig 103) consisting of two lenses If one is placed so that 
the focus of the objective is separated from it by a distance equivalent to 
twice Its focal distance, the first or real image is replaced by a second reversed 
real image of the same size The lens nearest the eyepiece gives a magnified 
virtual image of the second real image. If the first r^ image is formed m 
front of the second lens at a distance greater than, but less than twice, its focal 
distance, the second real image will be larger than the first, so that it will be 
magnified successively by the two lenses of the eyepiece 


COLOUR FRINGES 

If you make a simple Kepler’s telescope or a nucroscope by combining 
two cheap lenses of diflferent focal distance, as explamed, you will have no 
difficulty m discovering why saentists were forced to bother about the nature 
of colour, when instruments to produce high magnification began to be 
manufactured Any image formed by a combmation of ordmary lenses is 
surrounded by a coloured fringe which blurs the outhne The higher the 
magnification, the more troublesome is the distortion which this coloured 
fringe produces People had long been familiar with the rambow effect which 
IS seen when hght shmes through pieces of glass cut m the shape of a prism, 
as m Venetian chandehers and the like A phenomenon which had hitherto 
been accepted thankfully as an ornament now became a social nuisance. 
Men who were active m advancing the study of astronomy, among whom 
Newton was foremost m the seventeenth century, were compelled to mvesti- 
gate colours For the observations which led Newton to advance the views 
now accepted no technique which was not available to the scientists of the 
HeUemstic age was necessary What was new was a new social need To make 
good telescopes it was essential to get nd of the coloured firmge 

Nature, as Bacon taught, can only be commanded when we have first 
learned to obey her To get nd of the coloured fhnge we have to understand 
m what circumstances it is produced If a parallel beam of sunlight shining 
through a sht (or of a lamp focussed with a convergmg lens) strikes the face 
of a glass pnsm, one of two things may happen It may bent so that it 
stakes a second face, makmg an angle with the vertical greater than the 
cntical angle, so that it is totally reflected as m Fig 76 Otherwise it passes 
through the pnsm, without reflection at one of its faces, as a beam with 
diverging ed^ If this diverging beam falls on a plane surface it produces a 
spectrum, a senes of bright colours violet, blue, green, yellow, and red 
(Fig 104) If part of this coloured beam is allowed to pass tluough a second 
pnsm, the only colours which appear m the second spectrum will be those 
which are allowed to strike the second pnsm The spectrum cast by a pnsm 
can be recomposed into white light by passing it through a second mverted 
pnsm CPig 106) or by bringing the nays to a focus with a tens. 
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Such simple experiments biiow tnat licnt can be decom- 

posed mto different sorts of ngh^ ahicn s ieJngni/:e b\ rheir woluur hat 
our senses recognize as z,t itt Lght aS re r"'ercb It i< nor neces- 

sarily built up m the same It --a crow.ccd * cO -'caung the pure 
coloured Lghts of the spectmri m Su the pure 

coloured hghts of me spectra n ,%\ith r-z"! leans 

to surpnsmg resultc The conxom^tion of c*ue .ni ^ ^ \ei ^'.mte So 
what we recognize as white light ma\ oe luiae cf J'e coAw>urei of 

the spectrum, or of a mixture of blue and j,eliu\% r.one Oxcen and red gs%e 
yellow So what we recognize as 5eiIow iQc>y Oc e.th^r paie spectral h^nt 



I Sht to aAmit:^ 
SmillQllt ^LttOCUS' 

oF Ions' 



Fig 1u4 

Newton’s classical experiment m which a spectrum was tormea on a screen witn i 
slit, which could be adjusted to admit only light ot a pamcular region (e g yellow) 
of me spectrum The colour of the pure ‘monochromatic hght” which passed through 
the sht could not be changed by a second pnsm 


which cannot be decomposed, or a mixture of green and red, which can be spht 
mto Its constituents with a pnsm. Blue and red give magenta Magenta and 
green give white 

These combinations are not what we should expect from the visible results 
of mixing pamts For instance, blue and yellow dyes usually produce green 
when mixed If we let light pass through a solution of blue dye before it 
strikes a pnsm it is nearly always found that the spectrum consists of a 
certam proportion of green rays as weU as of blue The dye fails to transmit, 
1 e It ‘‘absorbs,” red and yellow rays A convenient arrangement for examining 
hght transmitted through a pnsm is called a spectroscope A yellow dye need 
not be yellow because it absorbs all light except spectral yellow It may be 
yellow because it transmits red and green, absorbmg all other colours. ^9^en 
such a yellow is mixed with blue the blue half of the mixture absorbs yellow 
and red rays The yellow half absorbs blue rays, leaving nothing but green 
to be transmitted. In the same way a visibly substance may be red, like 
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the ruby lamp of the dark-room, because it absorbs all rays except those at 
the red end of the spectrum, or it may also be red because, like blood, it 
absorbs green hght Of Jhe four principal colours we have left blue, yellow, 
and red «hen green is eliminated Smce blue and yellow give white, tue 
effect IS red 

The spettrustopc is osed m modem chemistry to delect diffeiences wmch are 
not recogiuzablc b> the eve, and so to distmguish substances which at first sight 
seem to be physically alite m spite of their different chemical properties 
If a man poisoned with strychnine or cy'amde weie atternaras placea with 
his head in a gas oven, the examination of a smgle urop of ms blood would 
settle whetltcr he had committed suicide The spectrum of blood, 1 e hght 
first passed through blood and then through a pnsm, has a black patch ui the 
green region Caroon monoxide, the poisonous constituent of coal gas, com- 



iVn arrangement for supcrunposmg two spectra to show the eficct of combmmg 
different kinds of pure coloured hght 

bines with the red pigment of blood, dnvmg out oxygen The resultmg 
combination is also red, but the size and position of the black patch m the 
gree n region of its spectrum are not the same as fbi healthy blood 

You will see from Fig 10 1 that when white hght passes through a prism 
the rays at the red end of the spectrum are bent less than the rays at the 
blue end. Consequently magnification with a simple lens must always 
produce an image with a coloured frmge, where rays of complementary 
colours do not overlap and neutralize each other When Newton set out to 
mvesugate the formation of coloured ffinges, glass of quahty suffiraently 
good for makmg lenses was a larity Itahan g^ss-makers came to England 
in the middle of the seventeenth century, and fimt glass, the best glass 
suitable for makmg the simple optical instruments used m Newton’s time, 
was evolved m England about the same time Smce a leas of one and the 
same material must necessarily produce coloured frmges, the first effect of 
Newton’s discovenes about the spectrum was to discourage further attempts 
to improve the magnifying power of the telescope by combinations of lenses. 
Newton designed a lens-minor combination with which he could see the 
moons of Jupiter and the horns of Venus, and for a generation astronomers 
tehed on further improvement by grmdmg good concave nuntos. Duzmg 
the eighteenth century the variety and qualify of glass impDoved. The protilem 
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which defeated Jsswiott sso.vea cj p^acucai msLraiiier.t manuficturers, of 
v.nom Doilond was SLCcescr^i c'^c-ipet-tor ibr Lh'i ^ijhrs I'ssued 

in the fatts^” half of the e^gcceeiiL. cenr u .5 

Tins was pcasible^ ot.^'Ctaie a- .P ' * is "O’^ .1 u''u'*ie 

Txie Iccgdi of tns spfcua.-'. px?-- z^ec. ht v' l^zrent . - fall's 

varie^i cons*dexaU^. latai^v if* aci zf ..x r.- p.as* . \ ..n, w .rh 

potass-xn cr sociam silic_>es^, « jjxXez ofsczui: part-xTu^ ^ xid i*»ape 2 
daces a much shorter spectrxn trzn cnc o*' L. s tzmc "xadc fro r 

'Smigia-iS fieaa d p juIjjxZzz. £ Oi' uz^ *thcr „-a ' o * *.zz -f.xuj 
power of ler'-es m tde o. uf ii- u a*dcrent ^as zr s n !. c , t;' , ' ’ 

This fact in-'kes a possxblo to ze*. j_ch r.nj Ti, .1 ,» uz . i»or 


‘S 




Fig 106 


Correcting chromatic aberration of lenses \ second onsm placed a, in figure 
neutralizes the dispersion of white hght produced by the first It the first pnsm is ot 
crown glass, a flatter pnsm of flmt glass sutnces to neutralize the dispersion In the 
egmi. way a divergmg lens ot flmt glass can neutralize the coloured Irmge (RV» pro- 
duced by a conveigmg lens of crown glass A flint glass lens whiuh does this will be 
one of low diverging power as compared with the comcrging power of the ciown 
glass lens Hence the combination is itself a converging lens 


aberratton,” 1 e formauon of coloured fringes which blur the outline of the 
,Tnagt» s een through a telescope or microscope Modem mstmments use 
DoUond’s “achroBMitic” lenses formed by suckmg together a crown glass 
convergmg lens of high curvature and a flmt glis'divergmg lens of low 
curroture The curvature of the flmt glass lens is su&aent to neutralize the 
spectral “dispersion” of the crovm glass Ims m the same way as one pnsm 
can n **”*”^*”^ another (Fig 100), without bemg sufflaent to neutralize die 
magmfymg power of the combmation 


INTENSITY OF LIGHT 

So soon as people were forced to an active mterest m the nature of colour, 
the problem of tnpaannTig the mtensity of a source of light acquired a new 
importance. If we match thmgs by daylight our judgments do not ^ree 
with the result of matehing the same thmgs by artiflaaljhght Nowadays 
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v»e explain this by saying that electnc hght or hght contains more red 
or yellow light than sunlight. The condipons of urban life m northern 
climates, the multiplication of sources of illumination and artificial dyes 
ha\e compelled us to set up a standard of measurement by which we can 
tell how much hght we get for the money we spend on illu min a tin g our 
streets and dwellings, and how different shades of pigment harmonize 
The pnnaple used m determining the candle power of an electnc hght bulb 
IS a simple apphcation ol Alexandrian optics The only evident reason why 
antiquity did not bother to measure hght is that anuqmt> had no need to do so 
Intensin of ordinarj white hght is measured nowadajs by companson 
with a standard source oi illummauon "I he first standard set up vras a candle 
ot particular dimensions and composition The BriUsh standard was a sperm 
wax candle weijrhii'’s ']\ to the pound and burmng 120 grains per hour 
There ait t>" m» re itl.aole sourtca of Lghl todaj, and though we use the 



Fig lf>7 

A beam of hght which dn'erges iron one and the same soiuce illuminates foui times 
the area at twice the distance, nme times at three omes the distance, and so forth 
Hence the mtensity of illumination or quantity ot hght falling on umt aiea is mversely 
propomonil to the square of the distance. 

term candle power, the actual physical standard used is not a candle One 
of the best is a specially construaed burner for a constant mixture of air and 
pure pentane (the chief constituent of gasohne) arranged to give a flame of 
fixed dimens ions This IS defined as a candle power of ten To find the candle 
power of any other source of hght by companson we compare the distances 
at which the standard and the source of unknown candle power produce 
the same bnghtness. One way is to place them on opposite sides of a paper 
screen with a grease spot which makes the paper translucent m the middle 
When the amount of l^ht reflected from the opaque part and transmitted 
through the grease spot is equal on both sides, the outlme of the grease becomes 
invisible Another way is to compare the distances at which two shadows 
cast by the same object on the same screen, when the two sources of light 
are not quite m the same straight Ime with the object, look equally dark. 
From the elementary pnnaple that “light travds m straight lines,” it fiifiows 
(Fig 107) that the bnghtness of a source of light, i e the amount of light 
which falls on the same amount of surface, is mvosely proportional to the 
square of the distance So, if the distance of the source fiom the grease spot 
or shadow-screen of the “photometer” is three tunes the disfapce of the 
othar,and the grease spot is invisible or the shadows are matyihgil, its cap fiie 
power n nme tunes as great. 
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INVISIBLE LIGHT 

One of the earliest optical phenomena \^hicn attracted interest v^as the 
intense heat produced at the focus of a concave \ihen a parallel beam 

of su n l i ght strikes it One legend creait* Archinjiedec ^ ith mg the 
prmciple m naval warfare attemptmg to cet nie to er'er^^ bhips \Mth Ijrge 
metalhc mirrors The analogous e5.periment foi frc ti. a ^eaf or 

a piece of paper with a magnify mg glass is cne h^cn niost of u: e cornea 

out m our schoolda]ys The most celebrated o jm-aig-iiurroii. a wxe nit*de about 
the time of Ne\^ ton’s \^oik on the spectruin b> Tuhimrausenj \tno, tsitli a 
large copper concave mirror^ used the sim’s rajt to bo 1 a Kotue of %%atcr and 
to melt a hole m a com 

Such phenomena force us to exaruine more clasei} what ne rucon b\ / ^nt 
rays Ordinarily we recognize a oeam of light b> its eflect on our e>es The 
spectrum teaches us that unaided \iSion does nut distmguisn between colours 
which are found to be different when examined with a prism Our eves are 
not perfect instruments for recogmzmg when thmgs are alike and w hen the\ 
are different. So we have to look for a new way of definmg colour The 
physicist says that thmgs are of the same colour when the> abserb ra>s oi 
the same part of the spectrum If our eyes are faulty as a means of recognizing 
colour, our judgments may also be faulty when we say that a beam of light 
can boil a kettle or blur a photographic plate Some people are colour- 
blmd m the sense that they cannot distinguish between green and red It 
IS easy to show that the drstmction which the rest of us recognize is a real 
one White hght shinmg through a piece of red glass which absorbs all 
rays except red, as does the ruby lamp of the dark room, will not spoil a 
photographic plate White hght sbinmg through a piece of green glass does 
so Just as the effects which we observe m mixing colours cannot be explained 
by stickmg to the behef that two colours are the same if the eye detects no 
difference, so the physical effects which we ascribe to “Lght** do not corre- 
spond perfectly with what we are able to recognize at first sight In a certam 
sense we are all colour-blmd. 

The discovery that this as so was not made till more than a hundred years 
after Newton’s work on the spectrum, when the blackemng of silver chloride 
m sunhght was first studied This effect of a visible source of hght on silver 
salts as the basis of modem photography We thus know of two physical 
effects other than what we see directly when hght shmes A source of hght 
can be used to produce heat or to produce chemical change Neither of 
these effects corresponds exactly with what we usually recognize as hght, 

1 e the visible limits of the spectrum at the red and violet ends If we move 
a sensitive thermometer along a spectrum thrown on a screen it detects heat 
above the visible limit of the red end of the spectrum and registers very httle 
effect m the visible violet An ordinary photographic plate is affected very 
htde by the red ra37s, and is blurred beyond the limits of the visible violet 
end of the spectrum. If the spectrum is thrown on the screen vertically, the 
thermometer r^^isters no heat when moved sideways beyond the visible 
limits, which are sharply defined. This pomts to the conclusion that the 
photc^praphic plate c a n be affected by light which is more highly reffacted 
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than bght which we see threcdy, and that hefting can be produced by hght 
wliKh i*» less higMv refracted than light which we see direcdy 

To avoid using the word bght in an unfamiliar sense, ixtu may prefer to 
speak of three hinds of “radiation,” visible radiation, mvisible “m&a-red” 
rudiauon which is recognizable by its heatmg effect, and “actmic” or ultra- 
violet radiation \uuch is recognizable bj its chemical effect on silver salts 
All three sorts of “radiauon” have four charactenstics of visible hght First, 
they can be comniumcated through empty space That is to say, the effects 
which we desaibe as charactenstic of a certam kmd of radiation occur when 
the source is separated by a vacuum from the thing it mfiuences Second, 



Fig 108 


A hot metal ball is placed at the focus of a concave metaihe mirror The black bulb 
of a sensitive thermometer placed at the focus of a second mirror registers a rise ot 
temperature In the type of thermometer shown (an “air thermometer”) the two 
blackened bulbs contam air The expansion of the air m one bulb forces the fluid m 
the correspondmg limb downwards Unless the metal ball which is the source of 
radiation is nearly incandescent, no effect wriil be registered while a slab of glass is 
held between the two miirois 

they display the phenomenon of refraction, as the spectrum experiment 
shows Third, they are reflected according to the same laws as light (see 
Fig 108) Finally, they are obstructed by a black sur&ce If actmic ra3rs fall 
on a black surface they are not reflected or scattered Hence the image of a 
black object does not darken silver salts That is why the photographic plate 
IS a "negative ” The absorption of heat rays is illustrated by the arrangement 
on the left-hand of Fig 109, which also shows (nght-hand) that a black sur- 
fece emits heat radiation better than a white one 
The absorption or obstructum of radiation by a black body is always 
accompanied by rise of temperature, the effect bemg specially pronounced 
in the red end of the visible spectrum and the region of the radiations which 
are less highly reftacted We call the infia-red rays heat rays when the pro- 
duction of heat IS thar most striking effect Nowadays, we know dienucal 
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reactions 'winch are sen^^itn = to Jie^e a, just as the sil\er bromide of the 
ordmary phciograplnc p^ate £cnsm\e to ra3s and to visible rays m 

the blue end of me S’xh reacjor^ form the basis of infra-red 

photograph} Aside horn the s'^ec*fc vb" ^Tentioned ano the 
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Fig 109 

A netal l>ox niled with boiling water can be u&ed as a source of heat radiation If the 
box IS uriTomily wlute, the black bulb ot an air thermometer of wmch the other 
Dulb IS unblackentd registers greater absorption ot heat If one fice ot the box is 
black more heat is radiated from it 


are other heat rays which do not pass through glass A body which is heated 
to incandescence soon ceases to give off heat rays which pass through glass 
when It cools beyond the temperature at which it just ceases to be visible, 
although (as the experiment of Fig 109 shows) heat rays can be detected 
from a metal box filled with boilmg water. Thus a greenhouse is a heat trap 
It adimts all radiations which pass through glass. These are absorbed^ 
produemg a nse m temperature^ which leads to the production of heat rays, 
which cannot pass through glass Dry air is highly transparent to the heat 
rays Water which permits visible hght to pass through it with hardly any 
loss IS relauvely opaque to mvisible heat rajSs especially if a htde alum is 
dissolved in it Some substances which obstruct visible hght are readily 
penetrated by mvtsible radiation. The X-rays of medical diagnosis are ultra- 
violet rays which can penetrate the tissues of the human body sufiSiaently 
well to act upon an ordinary photographic plate. 
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EXAMPLES ON CHAPTER III 
(These can he atisteered by making scale diagrams on graph paper) 

1 A concave mirror is 10 mches wide and i inch deep m the centre (neglectmg 
he thickness of the glass) How far away must the chm be held to obtam the 
3est magnification for shaving^ 

2 An extensible camera gives a clear image of a distant landscape when the 
ens IS 8 mcheo from the ground-glass screen How far must the screen be 
extended to get a good photograph of the page of a rare book placed 2 feet 
rom the lens^ 

3 At what distance from the lens should the book be placed to get a repro- 
iuction of exactly the same size^ and at what extension of the plate from the 
lens? 

4 To make a lantern shde of the same object quarter size at what distance 
from the lens must the book be placed, and how far must the plate be from 
Che lens? 

6 A camera extends so that when the lens is li feet from the screen it gives 
a hfe-size image of a bird’s egg m the nest At what length must it be focussed 
to snap a hawk hovermg high overhead? 

6 A headlamp consists of an eleeme hglit bulb placed at the focus of a con- 
cave mirror, and a divergmg lens 9 mches m diameter and of focal distance 
12 mches placed 4 mches in front By how much will the angular divergence 
of the beam be dimimshed if the lens is shifted forwards by 2 mches? 

7 Make a diagram to show the images of a pomt placed midway between 
two mirrors, and confirm your conclusion by standing between two How is it 
that the moon’s image is replaced by a band of hght when the sea is covered 
by npples? Fmd the distance between the third and fotirth image seen m each 
of two mirrors 10 feet apart with an mtervenmg object 7 feet from one of them 

8 Draw a diagram of the images formed by an object eqmdistant between 
two mirrors mchned (a) at 90®, (b) at 60® How many images are formed m 
^ach case? 

9 A glass vessel 8 mches deep is filled with 

(a) methyl alcohol, whose mdex of refraction is 1 332 

(b) carbon bisulphide, whose mdex of refraction is 1 63 

(c) Canada balsam, whose mdex of refracuon is 1 62 

(d) ethyl ether, whose mdex of refraction is 1 352 

What is the apparent depth m each case? 

10 What IS the apparent maximum north polar distance of any star ever 
isible to a fish m the River Thames (Lat 61®)? 

11 If the mdex of rc&action from empty space to air is 1 0003, find the 
rue elevation of the sun above the horizon plme when the observed altitude 
» 45®* (Assume that the earth is approximately fiat ) 
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12 If a long-sighted person cannot see objects nearer than 50 cm. dis- 
tinctly, find the focal length of a spectacle lens vhicn will enable him to see 
objects as near as 25 cm Tclne — tne leno must oe capable of forming an image 
at 50 cm of an object placed 25 cm ^lom WijLi the lens be convergmg or 
divergmg? 

13 A short-sighted person cannot see Cu cm from the eye 

What kmd of lens must oe usea to en^c e tc ^ee distant objects, and 
what will be its focal length^ 

14 A myopic patient can see p.mt 3est at 1 2 cm F^a the focal length of 
a spectacle lens to extend his range cm 

15 In the practice of the optician tne po.ve^ of a lens of I metre focal length 
is said to be one diopter, that of a leas of 50 cm focal length 2 diopters, etc 
The 4- sign mdicates a convergings me — sign a cLvergmg lens Give the 
results of the three last examples m diopteis wain the appropriate sign 

16 Bxplam why the sun looks red m a fog Ho\% v ouiO the penetration of 
an arc lamp be affected by enclosmg it m red glass^ 

17 If a pnsm is made of crown glass whose refractive mdex is 1 523, to 
what angle must it be groimd to give a mmimum de\aation of 25= ^ 

18 With the spectrometer method of Fig 81 the mimmum deviation for 
sodium hght is 29® 32' with a pnsm whose angle is 44® 46' Find the refractive 
mdex of the glass for sodium hght 

19 White hght falls at right angles to one face of a pnsm whose vertex is 
25® For the end ra 3 rs of the spectrum the glass of which it is made has refractive 
mdices 1 61 and 1 63 What is the angle of divergence between the visible 
limits of the spectrum? 

20 If the light of the sun is passed through a small hole on to a screen, an 
image of the sun is formed, but if the aperture is a large one, an image of 
the aperture is formed Make a diagram to explam this In a pinhole camera 
the screen is placed 6 mches from the hole If the camera is at a distance of 
50 feet from a tree 20 feet high, and is on the same level as a pomt half-way up 
the tree, what will be the height of the image? 

21. Find the number of candles which at a distance of 420 cm will give 
the same illumination as one candle of the same make placed at a distance 
of 60 cm 

22 If two electric glow lamps of 30 and 16 candle power are placed 120 cm 
apart at the same height, at what pomts on the Ime through their centres do they 
give the same illumination? 

23. By mearts of the grease-spot photometer (p 172) the intensities of two 
glow-lamps are compared The outhne of the grease spot disappears when 
the photometer is 83 cm ficom one lamp and 53 cm firom the other On. mter- 
changmg the lamps, and adjusting the photometer till the grease spot d^ppears, 
are now 50 cm and 77 cm Finfi the ratio t)f the intensities of ti^e 

lamps. 
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24 The illijnuBation produced Dy the hght of the full moon fdlmg per- 
pendiculaih on a screen is the same as that ox a standaid candle at a distance 
of 4 feet Vhat the candle povei of the moon^ its distance from the earth 
being 240,000 miles ^ 
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The DecKne cj Tj^gr:: 

The year i54J was notabie m the h^stor^ ci i-^.a ^:acu.i'.- ro. tjs 
publication of the De Reiiol by CopexmcuS anc! £. ~c^ j: ii 

Corpons b}’ Vesallas One marlts ^ic ceginn. tg ot a r.y’: ::,cn in man'* 

understandirg cf inanimate nature, tlie “^•h-r i.-ri^-z r. e ■u (ng cl a new 
epoch m man’t understanding of his own natuie T1 r rr u c~c „ 0 * uent reasons 
why the opening years of the sisteenm cerra .3 of c m a — c-a rhould ha^ 2 
been signaiiied n> a great ai ^ance m tea t.tcn. of tne -0 2 1 * In the three- 
quarters of a century whicL precejca the wo^l* c. r.j..rEucue, navigation 
had rapidly attemed a le'^’d f?r above any ot Lie reme ement: ol ant-quity 
Mechanical cIocks were becoming available for astronomical observatoiies 
Pimtmg made possible the diStnbutxon of new information and oid scurcee 
In this situation a more exact knowledge of he po&ition of the pianets had 
an immediate practical importance which ha<' been explamed in Chapter II 
(p 106) Although mechamcal mgcnuity had solved the problem of making 
standard (eg. Greenwich) tune portable in countries where sunlight is 
scarce, the dock was as yet — and was to remain lor a long tune to come— 
incapable of recording standard tune over a long voyage. So measurement 
of longitude was still contingent on more precanous sources of information, 
as, for instance, the occultation of a planet by the moon’s disc, symbolically 
represented by the Turkish national emblem 
The view which put the sun at the centre of the solar system was not 
new. It had been antiapated by Aristarchus — ^perhaps likewise by the 
Ps^thagorean brotherhoods a century earher It had been rejected by Hippar- 
chus because there was no direct evidence for the annual parallax of a fixed 
star or for the earth’s diurnal rotation. The parallax of a fixed star was not 
detected tdl three hundred years after the death of Gopetmeus, and the 
retardation of the pendulum at low latitudes (see p 288), the first terrestrial 
experience pomtmg to the earth’s axial rotation, was not recorded till fifty 
years after Kepler’s successful exposition of the hehocenmc doctnne In this 
chapter and the next one we shall see why the Copermcan view was bound 
to <*n gag e a sympathetic hearmg among those eqmpped to understand it, 
m spite of the absence of new evidence to meet the seemingly decisive 
objections which could still be urged agamst it 

The mvention of wheel-dnven portable clocks made the determination 
of longitade at sea a technical possibihty which b^ian to be recognized in the 
fifty years ibat preceded the work of Copernicus and became a topic of absorb- 
ing mterest m the half Century which followed its pubhcation. Before the 
modem chronometer mto use the two most simple methods were the 
observation of eclipses and oocultations of the planets by the moon’s disc 
from occultations, when the declination as wdl as the R.A. of the 
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moon and a planet are identical (withm about a quarter of a degree), the 
astrological lore of the medieval world attached considerable importance to 
the times when the R A of a planet is the same as that of the moon or sun 
(conjunction) and when they difler by 180® (opposition) The times of 
conjimctions and oppositions ^ere therefore recorded m all eph^oiendes 
and m almana cs, before tables givmg the daily variation of the moon^s R A 
at a given station were available for the method of limar distances 
Amengo Vespucci (Fig 110) xs said to have found his longitude when 
his ship was m latitude 10® N fiom the foUowmg observations At 7 30 p m 
by local time, i e 7 1 hours after local noon, the moon was 1® E of Mars 
At midmght (local time) it had trav^elled to E of Mars Thus the moon 
had moved through 4y in the same number of hours So it would have been 
m conjunction with Mars at approximately 6 30 p m local time On the 





TiovsrTimariao l^spuccL ^oimd las' 
longdiiAa. ix> hz 

Fig 110 — ^How Amerigo Vespucci Found His Longitude by a Conjunction 

or THE Moon and Mars 

When the R A of the moon is the same as that of a planet they are said to be m con- 
junction If their decimation is also the same, the planet will be occulted by the moon’s 
disc If the declmanon differs by a small angle it is still possible to gauge when the 
R A of the two is the same by the naked eye The exact moment of the conjunction 
can be determined by successive observauons of their local co-ordinates (azimuth 
and zemth distance) From these the R A can be calculated by the spherical triangle 
formula given on page 19(), 

same date his almanac prepared by Regiomontanus recorded a midmght 
conjunction of Mars at Nuremberg So when the tune at Nuremberg was 
12 p m It was 6 30 p m at the ship’s position Local time was hours 
behind Nuremberg* Hence, he calculated that the ship was X 15® = 82|^® 
west of Nuremberg In addition to this example, Marguet (Htstoire de la 
LongtUide de la Mer^ etc ) cites others, Columbus sought a port to observe the 
tune of opposition of Jupiter and the moon m the 1493 vojrage In February 
and April of 1520 Andres de San Martm, the "best teamed pilof’ of 
MagelW’s expedition, observed conjimctions of planets "accordmg to 
the instructions of F^eiro who had composed a treaUse on longitudes for 
the special use of this expeditum ” 

The words in itahes show that mapping out the tradk of the planets was 
no longer a merely academic issue It was a substantial problem of tectoology 
m the age of the great navigations. So the annoimcement of the doctane of 
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Copernicus fulfilled an immediate social need Xoi less important is the 
fact that the invention of spectacles pro\ed to be the midwife of an mstru- 
ment which weakened the inherent plausibihtv of the opposmg \iew The 
telescope revealed the planets as bodies with phases Lke the moon (Fig 111), 
shmmg with reflected hght like outsell es, enjovmg night and day as we do, 
and^havmg moons revolvmg round them like our own Oosen ations, on the 
suns spots showed that the sun rotates aboat its own axis So there is 
nothmg outrageous m supposmg that we mav do the s’me 



Fig m — ^T hb Pi.aneis’ Phases, Mars above, Venus below 

Hitherto very htde has been said about the motion of the planets. The 
account of the heavenly bodies given m the first two chapters was mainly 
concerned with the apparent motion of the sun and the ^ed stars While 
observing the stars, which seem to mamtam the same relative positions m 
the uniform rotation of the heaveoly sphere, the priestly astronomers of 
Egypt and Sumena, and, it may be added, those of the caloidar civilizations 
of Central America, recognized other bodies which do not have a fixed 
position m the celestial sphere, nor retreat steadily among the fixed stars m 
one direction like the sun and moon Five of these bodies. Mercury, 
Venus, Mars, Jupiter, and Saturn, were known to the ancients. The extreme 
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bnlbancy of two of them — ^Jupiter and Venus — suflBciently explains the 
attention which their vagaries attracted Three of them might be seen at 
some pexiods on the meridian m the course of the mght At such times 
mghtly companson showed that they seemed to be letieatmg slowly m the 
direcuon opposite to the sun’s annual or the moon’s monthly raouon The 
other twO:» namely Alercury and Venus^ are never &een througnout cne whole 
of an> mght Each may be seen alternately as an evenmg star semng within 
three hours after sunset or as a mornmg star nsmg shordy before daybreak 
The brightness of Venu'* mikes it conspicuous m the twilight almost as soon 
as the sun sets and long beiore the biightest fixed stars are visible 

Owmg to the brightness of the planets it is easy to recognise — ^in 
fact^ difhcult to avoid noticing — ^that their position among the fixed stars 
changes During one month a planet may be east of a particular star^ ana may 
nse or set farther south Next month it laay be seen west of the same stai, nsmg 
or setung perhaps farther north Thus the R A and dedmation of a planet 
can be «!een to change \vithoat recourse to measurement The same times 
of nsmg and setting or ol the meridian transit of any fixed star recur after a 
year So the history of any fixed star m the course of one year is the same 
as Its history m the preceding or succeedmg year This is not true of the 
planets For msiancCi »f >ou had watched for Venus month by month durmg 
1934 and 10J5 with the naked eye, you could have recorded its history as 
follows. In January 1934. Venus was a brilliant object setting m the early 
evenmg sky At the begmnmg ot February it was mvisible By the beginning 
of March it was a mornmg star nsmg withm an hour before suniise. In May 
It was still a mornmg star nsmg just befoie daybreak, and might be just visible 
before daybreak m June, July, August, and September In October and 
November it was not visible At the end of December it was visible just after 
sunset, as also m Januarj’^ 1935 In February 1935 it was a bnght star m the 
evening sky for about two hours after sunset, remaining a conspicuous 
evening star till August, and m September agam mvisible (see also Fig 63) 
The history of Mais during the same penod was bnefly (Fig 112) as follows 
m January and February 1934 Mars might be just visible for a short while 
after sunset. During Aiarch, April, Aiay, and Jime, it would be hardly visible 
at any time In July it would be visible before sunrise m the early hours, 
rising soon after midmght from August to December, but never on the 
mendian before the mommg twilight In January 1936 it rose before mid- 
mght and crossed the meridian before mommg twilight By Apnl it was 
nsmg before sunset, crossmg the mendian about midmght. By the end of 
June It was settmg just before midmght, and had passed the meridian at 
sunset It rtaiamed an evenmg star, bemg still just visible m twilight after 
sunset from September to December. 

Each planet has its own cycle or S 3 modic penod m which it gets back to 
the same position relative to the earth and the sim. That of Venus is 584 
days. If you look up Whttaher's Almanack for 1934 and 1936 you will see 
that on March 12, 1934, the R,A of Venus, then at greatest bnlhance, was 
2 hours 37 minutes behmd the sun, and it was then a mornmg star. Its R A 
was 2 hours 30 mmutes befamd the sun on October IS, 1935, 2 hours 38 
xmnutes on October 18th, and 2 hours 43 minutes on October 23xd, So it had 
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retumed to ii3 oiiginal position Wi.th retc^erce to due e* 4 *th and sun (see 
Fig 63) on October i7tn^ 334 dcjs iat.ci T*.'‘e ^Incli e'^ cited 

by the cycles of the planets in jee pnestly cnllaires of OiinquiLy is iliiistrated 
by the folio vvjag citation Lom d lecent actoua?- of m? o! tn"* e%tAiict 

Ahxys mli 2 cLon of Genual 'IL- ’f-jc r-.e. ..'n o^ed n\e 

difiTeient lon^ cycles^ a of a .f j - reiioe cf 

260 c jLJiai 'err rosed on tor 1, ix 12 -n- ^ 

According to ire source c-^eJ ^ 


CvHI 





The planet Venus was the object of an important cult The revolution of 
Venus occupies a little less than 584 days> five of these Venus years equalled 
eight solar years (684 x 6 — 2,9203 366 x 8 = 2,920) The Mayas, 

however, were well aware that the Venus year was actually less than 584 days 
They knew its length to the second decimal pomt The actual period is 583 92 
days, and to correct this error the Alayas dropped four days at the end of every 
si 3 Cty-one Venus years, and at the end of every three hundred Venus years eight 
days were dropped This system was so accurate that had the Maya Venus calen- 
dar continued to functio n unmterruptedly up to the present day, the error over 
this period of over a thousand years would not have amo unted to more th a n 

* FieW Museum of Natural History, leaflet No. 25, pp* 57-8* 
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a day Such an accurate knowledge of the cycle of Venus, the revolutions 
of \ihich are by no means regular, points to centuries of sustained observations 
Up to the present, no deity m the Maya pantheon has been satisfactorily identi- 
fied with Venus In Mexico, however, Quetzalcoatl was closely associated with 
Venus as the Morning Star In addition to Venus, the planets Mars, Mercury, 
and Saturn, were closely observed, and their phases accurately calculated. When 
one recollects that the Mayas were dependent solely on the naked eye for 
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Fig, 113 

The inferior planets. Mercury and Venus, have always passed the mendian when they 
become visible or have not >et reached it when they cease to be visible Smce it is 
customary to represent east on the nght-hand side of a map, and also because the 
horizon plane rotates eastwards to meet the sun, the figure is drawn so that the South 
Pole IS nearest an eictra-tcrrestrial observer Venus is at maximum elongation west of 
the sun as a morning star, and east of the sun as an eveiimg star 


their observations, one is astounded at the grasp they had on the movements of 
the heavenly bodies In various cities regular lines of sight existed for the 
observation of the equinoxes, solstices, and other important pomts of the 
tropical year, notably at Uaxactun, Copan, and Chichen Itza 

The precise positions of the mfenor planets Mercury and Venus, which 
are only visible as morning or evening stars, cannot be gauged by the methods 
which we have mentioned m Chapter 11 Smce they never cross the observer’s 
meridian by night (Fig 113), we cannot find the R A or decimation of either 
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of them by recordmg the time and zenith distance at merichan transit To 
trace out the motions of the planets we ha\e to know how to calculate the 
right ascension or decimation of a hea^eni\ bod> from observations upon its 
position when it is not on the mendian E%en for mapping dailj the entire 
course of the moon’s monthly c^cle, the methods whicn we have used so 
far are not w^holly sufficient because on several da>s the moon will not be 
visible at its time of transit It is not necessary to v alch for tne tone of transit 
of a celestial body to detemime its co-ordmaies in tne ceiestiOl sphere (R A 
and dechnation) With the help of sphei^ca! trigcnometr>’ we can find the 
R A and decimation of a neavem;^ boav, if we luiow the local tm-'e and the 
local co-ordmates (azimuth^ alntuae or zemtn distance cmJL .cur-.de Con- 



The horizon bearmg or altitude is 90® — z d The zenith distance z d is measured b> 
the arc TZ or the flat angle ZOT m the azimuth plane The meridian bearmg or 
azimuth is the arc NQ which m degrees is the flat angle NOQ or the angle between 
the mendian plane NZS and the azimuth plane ZOQ 

versely, the navigator need not wait for a heavenly body to cross the mendian 
to find his latitude provided that he has a star map^ or an almanac givmg 
tables of the dechnation of the stars 

The local co-ordmates of a star when it is not on the mendian have already 
been defined on page 48, and will be understood with the help of Figs 114 
and 116 In C3iapter II we have seen how to represent the position of a star 
m the heavenly sphere by small circles of decimation parallel to the celestial 
equator and great circles of R A mtersectmg at the celestial poles Such a 
map 1 $ true for all places, and relevant to any time of the year At any" fixed 
moment at a particular place we can represent the position of a star by small 
cuxdes of altitude parallel to the circular edges of the horizon and great circles 
of azwmth mtersectmg at the zemth (Fig 114) The altitude circles are num- 
bered by tlieir elevation above the horizon plane, }ust as dedmation 
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or latitude circles are numbered by their elevation above the equator plane 
An azimuth circle is numbered m degrees ofiE* the meridian by )ommg to the 
observer the ends of an arc on the horizon plane mtercepted by the meridian 
and the azimuth circle, m just the same ^ay as a circle of longitude is num- 
bered by the angle between the end of an arc of the equator mtercepted by 
It, the centre of the earth, and the pomt where the equator is cut by the 
Greenwich meridian The azimuth of a star is therefore its east/west beanng 
with reference to the meridian If you have mounted your home-made 
astrolabe or theodolite of Fig 115 to revolve vertically on a graduated base 

! 


* I 



Fig 115 — ^Hoail-made Apparatus for IVIeasuring Azimuth as well as Z D , 

OR Altitude of a Star 

The materials are three blackboard protractors (you can make these with a fret- 
work set), a piece of iron tube (gas pipe), and a plumb-hne The object at which the 
instrument points has azimuth 70® Hast of North 

set so that 0° poml3 due south or north, the azunuth of a star is the angle 
through which you have to turn the sighting tube (or telescope) on its base, 
and the altitude is obtained by subtracting firom 90° the zenith distance. 
If the protractor is numbered reversibly firom 0° to 90° and 90° to 0°, you 
can, of course, read off the altimde at once 
In a modem observatory the declination or RA of a heavenly body 
can be found when it is not on the meridian with an instrument called an 
equatorial telescope A simple type of equatonal telescope can be made 
by fixing a shaft pomting straight at the cdesual pole and moimting a tele- 
scc^ (or a piece of steel tube) so that it can rotate at any required angle 
about &e sl^ itself as axis (Fig 116). If the telescope is now danqied at 
such an angle as to pomt to a paxttcular star, we can follow the course of the 
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Star throughout the night by simply rotatmg it on its free axis without 
lowermg it or raismg it If it set by very accurate modern clockwork so that 
It can turn through 360° in a sicereal da> (i e the time between two meridian 
transits of any star whatever)^ it will alwa 5 S pomt to the same star Smce it 
rotates about the ce^estiti] ax.s the tilt of ^he telescope the polar distance 
of toe star, anot if the *3 set at 0 XXI v*) hours when the First Point 



A simple *‘equatonal” made with a piece of iron pipe and wood The pipe which 
serves for telescope rotates around the axis A fixed at an angle L (lautude of the 
place) due north When it is clamped at an angle PD (the **polar distance” of the 
star or 90® — Peel, in ) you can rotate it about A as the star (S) revolves, keepmg S 
always m view 


of Anes crosses the mendian, the R A of the star is the sidereal tune at 
which the telescope lies vertic^y above its axis of rotation If you compare 
Figs* 116 and 117 you will therrfore find htde difficulty m seemg how it is 
possible to measure the celestial co-ordmates of a heavenly body at times 
when Its transit is mvisible, and if you are satisfied that it can be donc 5 the 
next few pages can be deferred till you have read the ensumg sections on 
the hypoth»es of Copernicus and Kepler On the other hand, you will find 
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It beneficial to work throagh it^ when you have done so, if you wish to 
understand the final section of this chapter on the dating of ancient 
monuments 

THE SPHERICAL SIUJ TRLtXGLE 

In the time of Copermcus and Kepler it was not possible to make clocks 
sufficiently rehahle for the construction of an equatonal mstrument, and 





\ / 

Fig 117 — ^Apparent Rotation of the Celestial Sphere 


The posmon of a star (T) m the celestial sphere may be represented by a pomt where 
a ym ail circle of declmauon which measures its elevauon above the celestial equator 
mtersects a great circle of Right Ascension All stars on the same declination circle 
must cross Sie meridian at die same angular divergence from the zenith and are 
above the observer’s horizon for the same length of time m each twenty-four hours 
The arc PT or flat angle POT measures the angular divergence of the star from the 
pole (polar distance) and hence is 90® — Declm All stars on the same great circle of 
RA cross the meridian at the same instant The angle between two RA circles 
measures the difference between their times of transit The angle h measured from 
the mendian westward between the plane of the mendian and the R A circle of the 
star IS the angle through which it has rotated smee it last crossed the mendian If 
the angle is 15® it crossed the mendian one hour ago So h is called the hour angle 
of the star If the hour angle is h degrees, the star made its transit A —16 hours pre- 
viously The hour angle is usually expressed m time units 

the determination of Dedination or R A from measurements off the mendian 
could only be accomplished by a more devious method which calls for some 
knowledge of sphencal tngonometiy This will now be esplamed Figures 
traced out on the surface of a sphere are called sphencal figures Thus two 
parallds of latitude and two mendians of longitude enclose a sphencal 
quadrilateral The pecuhanty of such figures is that all their dimensions are 
measured in firactions of the cmmmference of a circle, i.e m degrees* If three 
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Fig 118 — lOTERSECTiNG Fi-at Planes on wmeu Threl G^’eat Circles 

OF A Sphere Lie 

This shows a globe in which three flat planes have been shced through tv, o meridians 
of longitude (along PA and PB), and through the equator (AB) Each of these planes 
cuts the surface ot the terrestrial sphere m a complete circle, the centre of which is 
the centre of the sphere Where they mtersect on the surface they make the comers 
of a three-sided figure of which the sides are all arcs of great ctrcles, 1 e circles the 
same centre and the same radius as the sphere itself Such a figure is called a spherical 
mangle It has three sides, PA, PB, and AB, which we shall call b (opposite B\ a 
(opposite A), and p It has also three angles B, A, and P (PBA, PAB, and APB) V^Taat 
you already know about a map will tell you how these angles are measured The 
angle APB is simply the difference of longitude between the two pomts A and B 
marked on the equator, and it is measured by the mclination of the two planes which 
cut from pole to pole along the axis of the globe You will nonce therefore that, smee 
the earth’s aios is at right angles to the equator plane, the plane of AB is at right angles 
to the plane of PA and of PB, and smee we measure angles where two great circles 
traced on a sphere cut one another by the angle between the planes on which the 
great circles themselves he, the spherical angle PAB is a right angle, and so is PBA 
Thus the three angles of the spherical mangle are together greater than two right 
angles, an important difference between spherical triangles and Huchd’s triangles 
In practice, of course, it is a lot of trouble to draw a figure like this So we measure 
the ax^es m one of three other ways which only mvolve flat geometry, which we have 
already learnt These are 

(a) The geometry method The angle BPA between the spherical sides PB and PA 
is the same as the flax emgU RFQ hemeen the tangents KP and QP which touch PB 
and PA at their common point, 1 e the **polc” P of the equatorial circle 

ih) The geography method Remembering that BPA is simply the number of 
degrees of longitude between A and B, you will see that it is simply the number of 
degrees tn the arc cut off tohere the great ctrdes on which PB and PA he tntersect any 
ctr^ of latitude, 1 e, any orcle of which the plane ts at right angles to the line joining the 
two poles where the great circles intersect ab^e and below 

(fi) The astronomy method This is iliustrated m the next figure* 
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intersecting great circles^ i e circles of which the centres coincide with that 
of a sphere^ are traced out on its surface^^ the figure boundea by three of 
their circular arcs is called a spherical triangle Its three sides (A, B, Q 
are measured m degrees, analogous to degrees of latitude along a meridian 
of longitude Its three angles (a, 6, r) are measured like the angular differ- 
ence between mendians of longitude The arc which measures the angle 
between them is the arc cut off by the two great circles from the equator 
where the sphere meets the plane drawn midway at nght angles to the axis 
through the p>omts where the great circles intersect This is explamed m 



Fig, 119 


The angle QES between the arcs QE and SB is the angle QOS between their inter- 
secting planes, and 

QOS -= 90® — QOZ 
POZ 90® - QOZ 


So angle bettoeen two spherical ares is the angle between the poles of the great circles 
on which they he 


Figs 118 and 119, You will not find it difficult to visualize the meamng of 
a sphencal mangle if you think about one of the most elementaiy problems 
of navigation, calculatmg the shortest course of a ship between two ports 
The shortest course on the earth’s sphencal surface is the flattest arc 
which can be traced between two places The flattest arc is the arc of the 
aide of largest radius, i e that of the sphere xtsdf. Hence the shortest 
course is the arc of a great orcle. This forms one side (Fig 122) of a sphencal 
mangle of which the other two arcs are two mendians of longitude — also great 
circles The length of these two arcs (Fig, 122) is known if the latitude of each 
port IS known, and the angle between them is the dififexence of longitude So 
finding a ship’s course is finding the length of the third side of a sphencal 
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Fig 120 

With the aid of the kej shown m the next figure the two fundamental lormulae for 
the solution of sphencm mangles such as ABC m this one can be deduced &om the 
formulae for solving flat mangles given m Fig 56, Chapter II. 

PQ* PO* 4- QO* -- 2PO QO cos a 
PQ» = PA* 4- QA* - SPA QAcos A 
(PO* - PA®) 4 (QO® ~ QA») - 2PO . QO cos a 4 2PA QA cos A - 0 
2PO QO cos a = 2AO* 4 SPA QA cos A 
Divide through by 2PO QO, then 

AO AO ^PA QA 
cos a — pQ • QQ 4 pQ QQ cos A 

~ cos POA cos QOA 4 sm POA sin QOA cos A 
= cos h cos c 4 sin h sm c cos A 

The formula for gettmg the third side (a), when you know the other two (5 and c) 
and the mcluded angle A, is, therefore 

cos a — cos h cos c 4 sm h sm c cos A ( 1 ) 

— cos A sm h sm c cos h cos c — cos a 

cos^ A sm® b sm® c = cos* b cos® c — 2 cos a cos b cos c 4 cos® a 
Now make the substitution cos® A = 1 — sm® A, etc 
Cl — sm® A) sm* b sm® c = (1 — sm® h) (1 — sm® c) 

— 2 cos a cos b cos c 4 (1 — sm® a) 
sm* b sm* c — sm* A sm® b sm* c = 1 — sm® b — sm® c 

4 sm® b sm* c — 2 cos a cos b cos c 4 1 — sm® a 
After takmg away sm® b sm® c from both sides this becomes 

— sm* A sm* b sm* c =«= 2 — sm* a — sm® b — • sm* c — 2 cos a cos b cos c 

Just by lookmg at this you can see that the nght^hand side would be the same it 

we had started with 

cos e =* cos a cos b 4 sm a sm b sm C 
m which case we should have found 

— sm* C sm* a sm* & =#= 2 — sm* a — sm® b — sm® c — 2 cos a cos b cos c 
Hence we can put 

— sm® C sm* a sm® 5 * — sm® A sm® b sm* c 
Dividing by — sm* b, we get 

sm® C sin* a sm* A sm* c 

sm C sm a =» ih sm A sm c 

^ , smAsmc . . 

or smC =« 4 Cn) 
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mangle if v^e know two others and the angle included between them This 
can be done by usmg the first formula m Fig 120 

Flat mgonometry gi\es us lules for findmg any of the other three dimen- 
sions (Aj Bj C, Oy by c) of an ordinary triangle, if we know one side (a, by or c) 
and any mo of the remaining dimensions (two other sides, two angles or 
an angle and a side) There are analogous rules for the solution of sphencal 
mangles The fundamental rule is 

cos a = cos b cos c -f- sm 6 sm c cos A (1) 

This IS analogous to and derived &om the Sat mangle formula shown m 
Fig 66 

s= 6* -j- c* — cos A 

Fig 66 also shows a seoind formula for fiat mangles 

a sm C ^ e sm A 

smA=a or sm C s 

c a 

The correspondmg formula for spherical mangles is 


sm C — 


sm c sm A 
sm a 


( 2 ) 


With the aid of a paper model as directed m Figs 120 and 121 you will 
be able to overcome the difficulties of envisagmg figures drawn on a sphere, 
and to see how the formulas for solution of sphencal mangles follow liom 
those for fiat mangles To apply them correctly you will need to recall some of 
the more elementary formulae m flat mgonometry* and the conventton that 
angles measured east of a hne of reference are negative You will probably 
find It helpful to practice the use of the first fiirmula by examples like the 
one shown m Fig 122. Most atlases give the length of the ship’s course 
between large ports, and you can therefine check your answer The disranwg 
are usually given m sea miles (1' of the earth’s orcumference, i e.a great 
aide of the terrestrial globe is 360 x 60 sea miles). 

To find the R A. of a star off the mendian it is first necessary to find its 
dedmation with the cosme formula (1) The local position of every star at 
any instant can be placed at the comer of a sphencal mangle (Fig 123) 
like the Bnstol-Kmgston mangle of Fig 122 One side (6), like the polar 
distance of Kingston, is the arc between the cdestial pole and the 
along the pnme mendian The elevanon of the pole is the latitude (L) of the 
observer So 6 = 90“ — L One side (c), like the polar distance of Bristol, 
IS the arc between the star and the zemth on its own great circle of 
This arc IS Its zemth distance (c = z d ) The angle A between its aT^mnth 
circle and the prune mendian which cuts it at the zemth is its aOTmm-t^ 
(A = azim.) Between the ends of these two arcs passes the great of 

* sm A = «M (90® — A), cos A •= sm (90® — A) 
am A » — sm (—A) ■= sm (180® —A) 
cos A <= cos (—A) «=» —cos (180® —A) 
cos (180® ±A) =■ —cos A, sm (180® ±A) ==■ =Fsm A 









194 Science for the Citizen 

nght ascension which joins the star to the celestial pole^ and the length of the 
arc between the star and the pole on its R A circle is its polar distance Since 
the celestial pole is 90° from the celestial equator, the star’s polar distance^ 



Big 122 

The latitude of Bristol is 61® 26' N of the equator, and therefore 38® 34' from the 
pole, along the great circle of longitude 2® 36' W The latitude of Kingston is 18° 5', 
1 e It IS 71® 66' firom the pole along the great circle of longitude 7b° 68' W The arc 
joining the pole to Bristol (e), the arc joining the pole to Kingston (6% and the arc (a) 
of the gzeat circle representing the course trom Bristol to Kingston torm a spherical 
mangle, of winch we know two sides (6 and e), and the included angle A, which is 
the difference of longitude 76“ 68' — 2“ 35' = 74“ 23' between the two places So 
we can find a finun the formula (i) m Fig 120 by putting 

cos a = cos 71“ 66' cos 38“ 31' + sin 71“ 65' sin 38“ 34' cos 74“ 23' 

From the tables 

cosa == 0 3104 X 0 7819 + 0 0606 x 0 6234 x 0 2092 
=» 0 4022 

Thus a IS aOTwwraiatdy 661“ of a great circle, i e a cncle of the earth’s complete 
^cumfer^ce length of one degree of the earth’s curcumference is approximately 
69 miles So the distance IS approximately 

66i X 69 4,677 land miles (3,980 sea miles) 

which 18 the third side of our sphencal tnangle, is the difference between one 
right angle and its declination (a = 90° — dechn ). Applying the formula 
we have 

cos (90° — dechn ) = cos (90° — lat ) cos z d 

-j- sm (90° — lat ) sin z d cos aantin- 
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This may be wi^^en 

sm dedm = sm lat cos 2 d -f- cos lat sm z d cos azim. 

In apph^rg this have leniember that wc have lecl^oned azimuth 
westward from the north point The azimuth is reckoned positive viest and 
negati\ e east of the nortn point if the star transits south of the zemth^ the 
azimuth ± A reckoned v es w or ^asl of the south point 1: equn aient to ISO® ^ A 
from the nortii nomi ccs . — A) = — cc**. A, cos (azim ) is alwavs 


7 ^^ 



Fig 123* — The Star Triangle 


of the opposite sign, if reckoned from the south pomt, and the formula 
becomes 

sm dedm =■ sm lat cos z d — cos lat, sm z d cos azim * 

This means that if you know the azimuth and zemth distance of a heavenly 
body at one and the same time, you can calculate its dedmation without 
waitmg for it to reach the mendian You cannot get the latitude of the place 
from an observation on a star of known dedmation directly by using the same 
formula, but if you have the z,d and azimuth of any two stars taken at one 

When a star js crossing the mendian its azimuth is zero or 180^ and smce cos 
0 •» 1 and cos 180® « — 1, sm dedm =» sm lat cos z d zb cos lat* sm z*d 

Smce sm (A ± B) sm A cos B db cos A sm B 

sm cledbn sm (lat db z d ) 

This IS formula given m Fig» 41 when no sign is attached to the z*d. 
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and the same place, you can calculate its latitude provided you have an 
alrngnat? ot Star map to givc the decimation of the stars In general the 
arithmetic takes less time than waiting about for one bright and easily 
recognized star to cross the meridi a n 

Another apphcation of the formula just derived gives the direction of a 
heavenly body when xismg or setting at a known latitude, or conversely 
the latitude from the nsing or settmg of a star* At the instant when a heavenly 
body IS nsmg or settmg its zenith distance is 90° Since cos 90° = 0 and 
sm 90° = 1, the formula then becomes 

sin dedin. = cos lat cos azi m 
On the equinoxes when the sun’s declination is 0°, 

008 lat* cos aziTTi ==: 0 

cos agitri =ss Q 

azim = ± 90° 

That is to say, the sun rises due east and sets due west m all parts of the world 
that day To find the direction of the nsmg or settmg sun at latitude 51 J° N 
(London) on June 21st, when the sim’s decimation is 23}° N , we have only 
to put 

sm 23|° == cos 61}° cos azim 

From the tables, therefore* 

0 3987 == 0 6225 cos azim 
cos azim* = 0 6405 
azim = ± 60}° 

Thus the sun rises and sets 50}° from the mendian on the north side, or 
90° — 60}° = 39|° north of the east or west pomt Conversely, of course, you 
can use the observed direction of nsmg and settmg to get your latitude 
If you look at the star tnangle shown m Fig 123, you will see that the 
angle C between the arc which represents the star’s polar distance and the 
arc 5, which is the angle (90° — lat ) between the observer and the earth’s pole, 
IS the angle through whi<± the star has rotated smce it was last on the mendian 
Smce the celestial sphere appears to rotate through 360° m 24 hours, 1 e 15° 
an hour, this angle C is sometimes called the hour angle of the star, because 
you can get the time (m hours) which has elapsed smce the star made its 
transit by dividmg the number of degrees by 15 If you know when the 
star crossed the mendian by local time, you also know how long has 
elapsed smce the sun crossed the mendian because time is reckoned that 
way, and if you know the sim’s R A on the same day, you know how long 
has elapsed since ^ crossed the mendian Thus all you have to do to get 
the star’s R A is to add the sun’s R A to the star’s time of transit* 

So to get the star’s R A* from its altitude and azimuth at any observed 
time, we need to determine one of the other angles of a sphencal tnangle of 
which we already know two sides and the angle between them This is done 
by the second formula which tdls us that^ 
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sm C = 


sm A sm c 
sm a 


In our ongmal mangle of Fig 123, A is die azimuth, c is the zemth distance, 
and a the polar distance (90° — dedm ) of the star, i e sm a = cos declm 
Hence 


sm hour angle = 


sm azim sm z d 
cos declm. 


As stated already, the azimuth is reckoned positive zeest and negative easi 
of the north pomt Smce sm ( — A) = — sm A, the sme of the azimuth is 
negative if the star has not yet readied the meridian If it transits south of 
the zemth its azimuth A east of the south pomt is eqmvalent to (180° + A) 
measured west of the north pomt Smce sm (180° 4- A) == — sm A, the sme 
of the azimuth is also negative if measured east of the south pomt. 

Suppose that the star Betelgeuse m Onon is found to have the hour angle 
10° when it is west of the mendian at 8 40 p m. local tune It crossed the 
meridian if hour = 40 mmutes before, i e at ezacdy eight o’dodt, and its 
R A IS greater than that of the sun by 8 hours If the sun’s R A on that day 
were 21 hours 50 mmutes, the sun would transit 2 hours 10 mmutes before T, 
1 e ‘Y’ would transit at 2 10 p m , and Betelgeuse 8 hours 0 mmutes —2 hours 
10 minu tes = 6 houTS 50 mmutes after ‘Y’ So its R A would be 5 hours 
50 mmutes. 

The same formula also tells you how to calculate the time of nsmg and 
settmg of stars m any particular latitude. At rising or setting the z d of a 
heavenly body is 90°, and sm 90° » 1 So the formula becomes 


sm hour angle = 


MTi flgnm 

cos declm. 


The azimuth of a nsu^ or setting star can be found from the formula already 
given, 1 e. 


cos azim. 


sm dedm. 
cos lat 


As an oample we may take the time cf sunrise on the wmter solstice m 
London (Lat. 51^°). By the last formula the azimudi of the nsmg and settmg 
sun IS 50f° from the south pomt on the wmter solstice So at sunset 

sm50i° 

sm hour angle = ^ 

0 7679 
“ 0 9171 
= 0 8373 


For Bunnse the azimuth will be east, thoefore of negatme sign, and the 
result IS —0 •8373. Smce 0 8373 is the sme of 56° 51', the tune which dapses 
between settmg or nsmg and meridian transit (i e noon, since it is the sun 
with whidi we are dealing) is (56| — 1^ hours, i.e 3 hours 47 mmutes Thus 
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sunrise would occur at 8.13 am, and sunset at 3 47 pm Dayhght lasts 
roughly 7J hours This calculation differs by about 6 mmutes from the value 
given m Whitaker This is partly due to approsimattons made m the anth- 
metiC;} and partly due to odier things about which you need not worry> 
because you vnll not find it difficult to put m the refinements when you 
understand the basic prmciples 

The same formula would apply to calculatmg the times of sunset or sunrise 
on June 21st, when the lengths of day and mght are reversed Smee sm C 
— sm (180* — Q, 0 8373 may be either sm 66° 61' or sm (180° — 66° 61 O* 
1 e. sm (123° 9') 124 shows you at once which value to take An equa- 

torial star nsmg due east passes through 90° m reaching the meridian A star 
south of the equator passes through a smaller and a star north of the equator 
through a larger arc So if the decknatum of a heavenly body ts north (fike the 
sun onfune 21st), zae take the sdluUon as sm (180° — C), and tf south as sm C 
Thus the hour angle of sunrise and sunset on June 21st would be (123^ — 1^ 
hours = 8 hours 13 mmutes, 1 e sunrise would be at 3 47 am. and sunset 
at 8 13 p m solar time * 

The followmg data, determined by a home-made instrument like the one 
shown m Fig 116, illustrate how you can find the position of any star on 
the star map or mt&e your own star map from observations off the meridian 
At 96 pm (GMT) neat Exeter (Lat 61° N. Ixing 3J°W) the bright 
star Ptocyon m Cams Mmor was seen on February 10th at 49° below the 
zemth and 2S|° east of the south pomt The star transits south of the zemth, 
so we use the difference formula From tables of smes and cosines we get 

sm dedm. = sm 61° cos 49° — cos 61° sm 49° 00 s 28^° 

= 0 7771 X 0 6661 — 0*6293 X 0 7647 x 0 8788 
c=0 0925 
dedmation = 6° 18' 


Since the star is east of the meridian its hour angle is negative, and 


sm (hour angle) ss 


sm 49° sm 28|-° 
cos (6° 18') 

0 7647 X 0 4772 
0 9967 


Hour angle = — 21i° 


In time umts 21i° is 1 hour 26 mmutes, and smee the sign is negative, tbis 
means that the star will transit 1 hour 26 mmutes later On February 10th 
(39 days before Alarch 21st) the sun’s R A is about 21 hours 35 mitintpg 
Under “equation of time” Whitaker states that we must add 14^ mmutes to 
apparent (sundial) tune to get mean tune Hence the time of observatton was 
(9 hours 6 mmutes — 0 Imurs 14J mmutes) = 8 hours 60J mmutes Green- 
wich sundial tune. Smee Exeter is 3J° W , the Exeter time is 13 mmutes dow 
by Greenwich (1 e it is 11.47 a m at Exeter when it is noon at Greenwich). 


* The xemaiks here made apply to the northern hooisidiexe, where the bulk of the 
^id 8 population lives at present. Australians and New Zealanders will not n ml to 
oe toia DOW to make the necessary adliiistmeiits 



The W 01 Id Encompassed 


199 



Fig 12i — ^R elation between RA, Hour Angle of a Star, and Local Time 

About Apnl 16th and August 28th the sun’s decimation is a httle less than 10® N and 
Its horn angle of nsmg and settmg is ± 103® The shaded area is the arc of the sun’s path 
below the horizon on the earher date when its R A is 1 hour 30 minutes The time is 
(April 16th) 2am (14 pm) So the sun’s hour angle is + 14 hours or — 10 hours 
The sun will transit 10 hours hence, ^ will transit 10 hours — 1 hour 30 mmutes or 
8 hours 30 mmutes hence Vega’s R A is 18 hours 36 mmutes, hence it transits 18 hours 
35 mmutes after qn and 6 hours 25 mmutes before Therefore Vega will transit 
8 hours 30 mmutes — 5 houxs 25 mmutes or 3 hours 6 mmutes hence, and the hour 
angle of Vega must oe — 3 hours 5 minutes or + 20 hours 66 mmutes The formula 
for the star’s R A if its hour angle at a given instant of solar time 1 $ known is therefore 
denved as follows 

sun’s hour angle — star’s hour angle = star’s R A — sun’s R A 
Solar time — star’s hour angle = star’s R A — sun’s R A 
star’s sww’s R A + solar time — star’s hour angle 

Thus, if Vega’s hour angle is 4- 20 hours 66 mmutes or — 3 hours 5 mmutes at 14 
p m when the sim’s R A is 1 hour 30 mmutes 

R A of Vega =» 1 hour 30 mmutes -f 14 hours 0 mmutes — — 3 hours 6 mmutes) 
18 hours 35 mmutes 

Or using positive quantities only 

■= 1 hour 30 mmutes + 14 hours 0 minutes — 20 hours 66 mmutes 
mst ^ 5 hours 26 mmutes = hours 36 mmutes 
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So die tune of observation by the Exeter stmdial was really (8 hours 60j 
nunutes — 0 hours 13 minutes) = 8 hours 37J p m The star then had still 
to rotate 1 hour 25 minutes before transit So transit would occur at (8 hours 
381 nunutes -f- 1 hour 25 mmutes) = 10 hours 2| nunutes p m , i e 10 
hours 2j nunutes after the sun’s transit The sun on that day transits 21 hours 
35 mmutes after ‘Y’, and hence (24 hours 0 nunutes —21 hours 35 mmiUes) 
= 2 hours 25 mmutes before T, i e T transits at 2 25 p m on that day 



Fig 125 

In Ptolemy’s system four classes of motion were recognized 

(i) The diurnal rotation of the whole heavenly sphere from east to zoest In this 
motion the stars Tnamtam a constant position relative to one another A heavenly body 
(moon, star, or planet) west of the sun nses before sunnse A heavenly body east of 
the sun sets after sunset In the position here drawiia Venus and Ates are seen as 
“mommg stars,” Mercury and Jupiter as ‘‘evening stars ” 

(ii) The daily mcrease of the moon and sun m R A as they retreat from west to east 
(ill) Two mdependent motions of each planet, one the epicychc orbit of the planet 

about an imaginary fixed pomt, the other me deferent orbit of this fixed pomt around 
the earth as world centre The deferent motion was analogous to the daily mcrease of 
the sun’s or moon’s R A The epicychc motion might have, e g when Mars is at 
(a), the same direcuon, or, e g when Mars is at (A), the opposite direction to the 
deferent motion Hence plsmets may have alternate periods m which the R A mcreases 
daily and slowly diminishes 

Hence the star’s transit was (10 hours minutes — 2 hours 26 mmutes) 
s=7 hours mmutes after i e the R A of Procyon is 7 hours 37J mmutes 
if the observations were correct With the best instruments the value given is 
7 hours 36 mmutes* 

THE AUSXANDKIAK VIEW OE FLANBTART MOTIOH 
When these methods are applied to the observation of the position of the 
planets day by day over a penod of years, the latter ate all found to be alike 
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m one respect Each planet exhibits long penods m which its R A increases 
steadily like the R A of the sun or moon, altematmg with shorter penods 
m which Its R A diminishes at a slow^er rate, so that it appears to pause 
and double on its course at regular mtervals The times when a supenor 
planet* liKe Mars transits near midnight and is visible throughout the mght 
correspond to the times when its apparent motion is retrograde, or m the 
opposite direction to the annual motion of the sim and the monthly motion 
of the moon among the fixed stars At the time when the motion of such a 



In the Copermcan system only three classes of motion need be recognized 

{a) the earth’s diurnal motion about its own axis from west to easty Q>) the moon’s 
orbital motion from west to east, (c) the orbital motion of all planets (mcludmg the 
earth) from west to east In the positions here shown Aiazs and Jupiter are m opposi- 
tion, 1 e on the mendian at midmght Mercury is at its extreme easterly posiuon 
(maximum elongation) as an evenmg star Venus is at its extreme westerly position 
(maximum elongation) as a mommg star Neither of them can ever be seen on the 
mendian after dark 

planet is most rapidly direct it is invisible That is to say, it rises and sets 
about the same tune as the sun Thus there is a very dose connexion between 
the apparent movements of the planets and their position relative to the sim, 
as we see them* This coimexion was recognized by the Eg3rptians, who 
beheved that the whole celestial sphere, mcludmg the sun, rotated around the 
earth as the centre, and that the planets rotated round the sun as the moon 
rotates around the earth* They placed the orbits of Mercury and Venus cor- 

* 1 e a planet whose orbit lies outside that of the earth* 

G* 
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rectly between the sun and the earth This explained why Mercury and Venus 
cflti never be seen throughout the whole mght, since they can never be above 
the side of the earth opposite to that which is illuminated by the sun’s rays 
The theory which Hipparchus, and later Ptolemy, took from Apollomus 
was a decidedly backward step Each planet (Fig 125) moved around an 
ima ginar y centre m an orbit called its epicycle Each imagmary centre was 
placed at the end of an imagmary or d^erent spoke rotatmg round the earth 
Itself While accountmg for the retrograde and direct motion of the planets, 
the theory of epicycles could recognize no significance m the connexion 
between the different phases of a planet’s motion and its position relative to 
that of the sim 

Its great defect w^as that it made the geometry of the heavens a good deal 
more compheated than the alternative view that the planets revolve aroimd 
the sun, and the more accurate observations, which had been accumulated 
by the Arabian astronomers m the period which followed, made mcreasmg 
demands upon mathematical mgenmty, as new epicycles were added to 
accommodate the thairy with the frets Copermeus, as we have seen, began 
his work when the forecastmg of planetary occultations was becoming a 
matter of practical moment, and the possibihties of further improvement 
on the Ptolemaic system had been exhausted There remamed the alternative 
of starting from fresh assumptions, Copermeus went back to the doctrine 
of Aristarchus and put the sxm at the centre of the whole planetary S 3 ^em, 
mcluding the earth as a planet (Fig 126) Havmg no telescopic information 
to reveal their different sizes as seen at different phases, he stuck to the 
idealistic behef that each planet moves m the most perfect plane figure, the 
circle This assumption is so nearly true of Venus and Mars that it does 
not mvolve very senous maccuracies, and makes it easier to understand 
how the position of a planet is calculated So we may here suppose that the 
orbits of Venus and Mars are circles 


THE HYPOTHESIS OF COPERNICUS 

The h 3 rpothesis which Copermeus adopted may be summarized under four 
headings 

(1) The apparent diurnal rotation of the celestial sphere is due to the 

complete rotation of the earth about its polar axis m a penod of 
24 hours. 

(2) The moon revolves around the earth m a period of 27 J da 3 rs 

(3) The earth and the planets revolve m circular orbits about the sun m 

the same direction as the earth’s diurnal motion 

(4) The orbits of Mercury and Venus he between the sun and that of the 

earth, while the orbits of Mars, Jupiter, and Saturn, he b^ond the 
earth’s orbit 

The tracks of the planets he dose to the echptic* So it is better to calculate 
their positions m celestial longitude and latitude (see p. 220) as Copermeus 
did For the purpose of grasping the prmciples employed m tracing out their 
orbits it will be sufficient for our purpose if we use right ascension to measure 
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their angular dispkceiaents Th.s :s eqm\alent to projecting their movements 

on to the plane of me celestiai equctoi 

The firsst thing to nonce Tig 12**; ib that .t does not inai;e any difference 
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Cb pgrmcan-/ 


Flo 127 

Ae earth and sun are very dose relative to the di^ce of the stars (i e. 
^ce me mo. » j amain the direction of the stars may be measured 

i or the sun as centre (Copermcan) without 

making mwch difference 


to the measurement of the sun’s R A. whether we put the earth or the sun 
at the oeutte of the star map To calculate the position of a planet a«oramg 
to the Copermcan hypothesis we need to know two things, (o) its distance 
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relative to the sun, (6) its sidereal period (P), i e the time which it takes to 
go round the sun In the case of the inferior planet Venus^ all we need to 
know IS (i) the greatest elongation, i e the greatest diflference between the 
R A of Venus and of the sim m the course of a Venus cycle, (ii) the length 
of the synodic penod or Venus c> cle, which has been explained already (see 
p 182) The greatest elongation happens, of course, when the planet is ferthest 
east or ^est of the sun In other i^ords, when the mlerval between its settmg 
and simset (or its nsmg and daybreak) is longest A glance at Fig 128 shows 



Fxg 128 — ^Maximum Elongation of an Inferior Planet 

The R A of Ven^ is^e angle «r EV and the R A of the sun is ES The difference 
or eiongatton is SEV This is evidently greatest when the line (EV) loinms the earth 
to the pl^et just grazes the latter’s orbit, i e when EV is the tangent to the circle of 
radius SV, and therefore at right angles to SV In a certain year, when Venus was at 
Ujat time cvemng star, ^e elongation was greatest durmg the first week m July 
The sun’s R A was then 0 hours 66 mmutes or 14“ m Cancer and the R A of Venus 
was 10 hours 1 mmute or 30“ off the first pomt of Libia (=& ) The elonsation XPV 
w^ therefore (160 ^ 104)“ ==. 46“ The radius of the earth’s orbit is S^a? of le 
orbit of Venus is SV and smce the triangle S VE is a right angled triangle 

SV 

gg =» sm 46“ = 0 72 

Thus the ratio of the orbits of Venus and the earth are as 72 lOo 


you that this is when the angle between the sun, Venus, and the earth (SVE) 
IS 90“. Tie same figure (Fig 128) shows that the angle between the sun, the 
earth and Venus (SEV) is the difference between the sun^s R A and that 
of Venus, i e. the elongation of the planet So at maxunum elongation the 
sun, the earth and Venus form a nght-angled triangle in which 

SV 

8inSEV = ~ 
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1 e 

o ^ T ^ > laoius of the orbit of Venus 

Sin (masimum elongation) = r-; ; 

radius of the earth’s orbit 

The greatest possible angle between the SuH and Venus is roughly 46 * 
Since sm 46° = 0 72, the rano of the e^^ith’s d^aiance from the sun to that 



Fig 129 — ^The Venus Cycle 

On March 12, 1934, the sun’s R A was 362% being then 39® greater than that of 
Venus which was thus a morning star, rising before the sun On October 17, 1935, 
534 days later the sun’s R A was 202®, bemg again 39® m excess of the R A of Venus 

of Venus is 100 72 Hence you can take the first step m drawing a scale 
map for showing the relative positions of the earth and Venus by descnbmg 
two circles of radu in the ratio 100 • 72 with the sun as centre 

According to the hypothesis we ace now adoptmg, the earth moves round 

* This IS not exactly the same as the greatest dxfiference m R A. For simphcity we 
here neglect fact that Venus and the sun do not usually have the same declination. 
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360 360 

the sim through degrees per day Suppose Venus moves through 

Ov>0 ^ 


degrees per day This means that Venus takes V days to go round the sun 
It therefore gams degrees per day We have seen (p 183) that 


ihe Venus cydcj i e its ^nodic penod or the tune taken for the earthy the sun 
and Venus to regam the same relative positions^ is 684 days Thus Venus 

360 

gams 360® m 584 days or ^ degrees per day, so that 


360 360 360 

584 ~ W 365 

1_ 1 _ 13 

V = 225 days 

Thus the sidereal period of Venus is 225 days In other words, Venus rotates 

through degrees per day You can now see whether the hypothesis is 

satisfectory by observing the R A of Venus on any particular day (Fig 130) 
and ca lrailating what it will be at some later date Seventy-five days 
later Venus will have moved through 120® and the earth through 74® 
Accordmg to Whttcdur on September 23, 1934, when the sim's RA is 
180 (m degrees), the R A of Venus was 11 hours 8 mmutes or 167®, i e 
Venus was 13® west of the sun and ]ust about at the end of its period 
as a morning star Seventy-five days later, December 7th, Venus would 

tjQ 

have revolved through 55 = X 360® = 120® and the earth would have 

revolved through x 360® = 74® i e the sun’s R A has mcreased by 

74°, and is now 264® If you now draw Venus and the earth m their new 
positions on your scale map, you will find that the R A of Venus is now a 
htde greater than that of the sun Venus is beginning to be an evenmg star 
The angle between Venus, the earth and the sun (the elongation of Venus) 
IS 5® Accordmg to Whttcdur, the difference between the R A cxf Venus and 
the sun on December 7th was 0 hours 19 mmutes 37 seconds, or 5® 

The case of a superior planet like Aiars can be dealt with m this way 
(Fig. 131) First find the length of the Mars qyde, 1 e. the synodic penod which 
^pses between two successive occasions when Mars, the sun, and the earth 
occupy the same relative positions. This is easily done by noting when 
Mats is m opposition, 1 e when it is on the mendian at midnight, and oount- 
mg the number of days which mtervene before its nest midnight meridia n 
transit. If you refer to Whitaker, you will see that Mars was m opposition 
(midnigh t mendian transit) on Aiarch 1, 1933, and it was nest m opposition 
on Apnl 6, 1935, 766 days later. This makes the Aiars cycle 766 days. So, if P 
IS the length of the sidereal penod 
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^ 1 1 ^ 

P 0o5 Tb6 697 

7 he earth gets back to xts Oj^xg^ai position (E^^) after 305 j < 2 =s 730] days 
To the nearest day uiis is 34 days afte> 3iars completes a sidereal penod of 
697 days At the end of c sidereal per^oa of ^vlars^ the earth is therefore 
34® west of the pcs tion h^ch it occupiec at txie beginning If we now 
find the R A of MarSa e jcnoa eiongation, the angle SE«B^ as m Fig 131 



Fig 130 — Checking the Copernican Hypothesis 


Since the sidereal period of Venus is 226 days, Venus goes through 120° m 76 days, 
the interval between September 23rd and December 7th On September 23, 1934, 
the R A of Venus was 11 hours 8 mmutes or 13° less than that of the sun (12 hours 
or 180°) On December 7th the R A of Venus, which has advanced through 120® of 
Its orbit, will be fotind to be 4^® m excess of the sim (263i®) Thus its R A is 268® or 
17 hours 12 mmutes 

Since Mars was in opposition when the earth was at it was then situated 
somewhere on the Ime SExA After 697 days it is somewhere on the hne 
E 2 B According to the Copermcan view, it is presumably m the same place 
once more So it must be at M where these two Imes mtersect Hence 
we can now put the orbit of Mars on the scale map by drawmg a circle of 
radius SM The radius of its orbit is then found to be 1 52 tunes that of the 
earth’s orbit. 

The reasoning given above and the figure based on it (Fig 131) need 
qualifym^ The synodic period is not absolutely constant The average length 
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of the Mars c^cle is nearly 780 days^ and the sidereal period is therefore 687 
days Hypothesis and observation can be tested in the same way for Mars 
and Venus The only thing which remams to be explained is the retrograde 
movement which the planets show As stated, the R A of a superior planet 
like Mars dimmishes daily when it is visible during the greater part of the 
mght, 1 e about the time when it is in opposition Fig 132 shows you how 



Fig 131 — Tbe Orbit of a Superior Planet 


About Anarch 1, 1933, Mars is m opposition, the sun being rouglily 20'® from the 
First Pomt of Anes So it lies somewhere on the Ime SE^^A By January 27, 1935, 
Mars has returned to the same position m its orbit The sun’s R A is now about 54® 
west of and the R A ot Mars is 13 hours 15 minutes, i e it is 19° m Libra. It 
now hes somewhere on the Ime EgB The radius of the circle drawn through M 
where EjB and E^B cut is 1 62 times SEj or SE^, the radius of the earth’s orbit. 
Hence Adars is one and a half times as far away hrom the sim as the earth is 

this happens. The sidereal penod of Mars itself is a httle less than twace 
that of the earth (687 * 365) For simphctty, consider an imaginary planet M 
which revolves like Aiars in an orbit 1 J tunes the width of the earth’s orbit, 
takmg esactly twice as long as the earth to make a complete revolution 
So, if the earth goes through 40% the imaginary planet goes through 20^ m 
the same time On the left, the earth is shown m two posmons at the bqgin* 
ning of Aiarch and the middle of Apnl In the first it is approachmg, m the 
second at opposition You will see that the R A of the plwet changes Scorn 
180"^ + a (a off the first pomt of Libra) lo 180® + b Smoe b is manifestly 
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smaller than the R A of the planet is dimmishmg daily at this stage m 
Its course On the right, the planet is approaching conjunction It is just 
seen after sunset at and is totallj^ ooscurea bj the son >^hen il has moved 
on through 20® to M* Meanwhile the erith mo' es from £3 to through 40® 
At Ma the planet is m Pisces, at m Ancs, its R A is therefore 2/2- 
creaszng daily 

Before deahng with the imperfecticns of the Copemican hypothesis one 
result may be pomted out Earhy. estimates of the sxm*s distance like that of 
Hipparchus were very maccura^e Owmg tc ^ts great distance the sun’s 



Fig 132 — ^Rttrograde and Direct Motion op a Planet 

The outer planet M takes twice as long to traverse its orbit as the inner one E Hence 
when E goes through 40®, M rotates through 20® Their relame motions resemble 
what a passenger m one tram would experience if travellmg m a circular track con- 
centric with another one on which a tram was also movmg When E and M are close 
they are travellmg m the same direction and E is gammg on M The motion of M is 
then retrograde, 1 e the R A of M is decreasmg hen M and E are m opposite side 
of their orbits they are travellmg m opposite directions and both motions make the 
R A mcrease So die motion is direct 


parallax is only about O'' or of a degree. The Copermcan hypothesis 
gives us a simple way of estimating the sun’s distance without recourse to 
the direct measurement of such a small quantity Havmg now made a scale 
map (Fig 133) of the orbits of the planets by combmmg Fig 128 with 
Fig. 131 and others like them, we can at once deduce the distance between 
the sun and any planet if we can find the actual distance between any points 
on our scale. Thus we can use the parallax of the nearest planet to get the 
sun’s parallax For instance, the distance between the earth and Venus when 


the latter crosses the sun’s disc is 


100 — 72 


times or only about a quarter of the 


100 
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distance between the earth and the sun A minor planet Eros discovered in 
the latter half of the nineteenth century comes within a distance equivalent 
to a sixth of the radius of the earth’s orbit By determination of the parallaxes 
of near planets like Eros, Venus^ and Alars, we know the sun’s parallax with 
great accuracy and the average distance deduced is about 93 milhon miles 
This estimate agrees verv closely with two other estimates based on the 
optical phenomena of aberration and Ime spectra (see Chapter VI) A fairly 
close appioximation to the diameter of the sun can be got WAthoul telescopic 
equipment Smee the moon’s disc jusi coders the sun m a total echpse, the 
sun’s angular diameter is very nearly the same as that of the moon That is 



Fig 133 — Scale Diagram of the Orbits oe the Four Iishner Major Planets 

to say. It IS roughly half a degree So the sun’s diameter calculated m the 
same way as the moon’s is between three-quarters ot a milhon and one 
million miles 

THE IZVIPERFECnONS OF THE COPERNIGAN HYPOTHESIS 

Calculations based on the Copermcan assumption that the orbits of the 
planets are arcular do not yield conclusions which are sufSciently accurate 
Detectable errors were recognized before the advent of the telescope and all 
the refinements of measurement which followed it An immense array of 
new data about the planet Mars collected by Tycho Brahe m the latter half 
of the sixteenth century made it possible to analyse the movement of Mars 
more thoroughly than Copernicus or his predecessors had done instead 
of determining the radius of the orbit by drawing a arde through the point 
M where Ej^A and E^B mtersect m Fig 131, we note the successive positions 
of the earth after several complete sidereal cycles be ginning on difiEerent dates^ 



2II 



Fig 134 — ^The Ellipse 

Since the loop is of fixed lengthy the sum of the distances a and b of anv pomt from 
the two foci IS the same Half the sum is d m the diagram^ i e a + ^ ~ 2d 

The elhpse is S 3 mimetncal about two imequal diameters One, called the minor axis, 
at right angles to the hne between the foci, joins the opposite pomts where a ^ b ^ d 
If m IS half the minor axis Fig (c) shows you that 

- d® - c* (1} 

The other, called the mc^or axis, is a contmuation of the hne joining the two foa 
You will see from the diagram, m which half the major axis is caUed M, that 

M a and M == & — - e 

2M = u 4- 6 =• 2d 

M = d (u) 

We call the ratio of c, the distance between the centre and the focus, to d, the distance 
along the major axis from the centre to the boundary, the eccentricity of the elhpse, i e 


s aM or c ^ de 
-- {dey 

«d»Cl-e*) Cm) 

Ckimbming (u) and (m) w** M* (1 — o 
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m 

we map out its entire course by the method illustrated in Fig 136^ which 
actually refers to the planet Mercury An examination of all Tycho Brahe’s 
data led Kepler to the conclusion that Mars does not move m a circle with 
the sim as centre The orbit is an ellipse with the sun at one focus« 

To understand Kepler’s laws we must be acquamted with some simple 
properties of the ellipse An elhpse is the figure which can be drawn with a 
pencil^ two pms and a piece of cotton as m Fig 134 The position of the 
two pms represent the tw^o ‘*foci” of the eUipse If the two foci of the ellipse 



are very close together it becomes undistmguishable from a circle The 
connexion between the circle and the ellipse is brought out more precisely 
by the index known as eccentnaty ie) The broadest diameter of an ellipse 
IS called its major axis The narrowest is called the mmor axis The two foci 
lie on the major axis If we measure along the major axis the distance of either 
focus from the boimdary m both directions, the ratio of the difference between 
the greater and sm aller distance to the length of the major axis is called the 
eccentriaty of the elhpse If its eccentnaty is 0, the two foa coinade and 
an elhpse becomes a true circle. The geometry of the elhpse (Figs 134 and 
136) shows that e can also be defined as. 
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So if we say that the eccentricity o' the orbit of Mercurv is 0 2, vie mean 
that 


(0 2 ;= = 1 - 


minor axis'N.^ 


-ntjor axis 




1 e the minor axis and ma)or cljs aie xn the ratio S) 50 Since the eccen- 
tricity of the orbit of Mercurj more than tuice that of any of the other 
major planets (except the neul^r discovered pxaneL Piuto^ ii is clear that the 



Fig 130 — ^The Equation of the Ellipse 


yn ^ (x -i- cy — + 2cx -f c'" (iv) 

f,a ^ _ ^)2 _ ys ^ — 2cx -f (v) 

Adding the left-hand side o? (iv) to the left-hand side of (v) and the nght-hand side 
of (iv) to the nght-hand side of (v), we get 


-h fea = 2y^ + 2x^ -f- 2c^ 

«: 2y -1- 2x3 4- 2d^e^ 

Subtract (v) from (iv) 

^2 ^ 1,2 4c;c 4dex 

Smee a® — fc® = (a 4- 6) (a — b) 

(a + b) (a — b) = 4dex 
2d (a —b) ^ 4dex 
a — b = 2ex 
(a — ^)® ~ 4e^x^ 
or < 2 ® — 2ab -h b'^ = 4c®x® 

Take (vu) &om (vi) 

2ab -- 2y 4" 2x® - 4e®x« 4- 

Add (vm) and (vi) 

a® 4“ 4- ssa 4y3 4* — 4e®x® 4- 4d®e® 

(a 4- by « 4y® 4* 4x* (1 - a®) 4- 
But (Fig 135) (<2 4- by =» (2df)® 

4i® 4y* 4- 4x»(l - a®) 4“ 4d»«® 

d* « :y® 4- Jic®(l — a®) 4- 
^ d^e* «. 4- x*(l - tf*) 


I 


y 

d®Cl - a*) 


4- 


?! 


(M) 


(vu) 

(vui) 



From ^u) and (m) 
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Copeimcan docwne of circular orbits is not very wide of tie mark The 
of the orbits of Venus and Mars are respectively 0 007 and 
0 093 So the orbit of Venus is very nearly a perfect arde. 

In his first study on Mars, Kepler had to work on the assumption that the 
earth’s orbit is practically circular Bv good fortune it happens to be so. The 
eccentricity of the earth’s orbit is only 0 017 So the orbit of Mars is deci- 
dedly more flattened With the aid of Figs 134 and 136, which give the 
r'jttpgign equation of the eUipse, you will be able to see how Kepler’s first 
law can be tested Havmg made a graph of the actual positions, measure 
the greatest width (major axis) and the perpendicular width through the 


T 



FlG 137 — ^Plottinq the Earth’s Orbit 
The dates of perigee and apogee are Kepler’s They are now about davs later 

midpomt of the longest diameter This will be the nunor axis Fig 136 
shows you that, if an elhpse is drawn with the nunor axLS lymg along the y 
and the major axis along the x refitrence hues. 



From this you can tabulate corresponding values of x and y, smce m and M 
are known If Kqsler’s first law is a good one, the pomts deduced from 
the equation should he closely m the same curve as those based on direct 
observation. Having satisfied himself that the figure was not a true drde, 
Kepler eaplored nineteen hypotheses before he found one which was entirely 
sati^ctnry. 

The publication of Kepler’s analysis of the oifoit of Mars was immediately 
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followed by the in^ entiOn of the telescope With new optical equipment it 
was now possible to mcasuie smaller angles With refined measurement the 
angular diameter of the sun aS seen to xarj appreciably m the course of a 
year That is to say^ die earth is nearer to the si*n at some times than at 
others The distance at any tare mveisely proportional to the apparent 
size So if we make a date circle dong tne racui of ^hicfa the earth lies at 
different times of the year^ as in Fig 107 we can measure off distances 
proportional to the actual distance of the sun on an> aa^ If we first measure 
off SA as the earth’s distance on December 31st fwhen the earth is nearest 
to the sim), and find that on Jdl> 1st the si*n’s angular diai^etei is x times as 
laige on December 31st uS on July the &?rth’s distance SB on July Ist^ 
IS SA — ar In this way we can plot out the earth’s orbit from day to day 
Although It IS very nearly circular — far moie so than the accompanying 
figure would suggest — it is easy to detect that the earth does not move m a 
circle with the sun as centre If you draw a senes of eUipses of different 
eccentricities by the method shown m Fig 135, you will find that the foci 
can be relatively far apart without producmg a very noticeable departure 
from the shape of a circle If the foci are far apart either of them must 
be deadedly nearer to one end of the major axis tih^ to the other Measure- 
ment of the form of the earth’s orbit shows that the sun is at one focus of 
an ellipse Although the ellipse is very nearly circular, the extreme distances 
of the earth from the sun differ by quite a considerable quantity, namely 
three million miles 

KEPLER’S LAWS 

Tycho Brahe had refused to accqpt the Cdpermcan view Rejecting the 
Ptolemaic epicycles which gave no account of the relation of the behaviour 
of the planets to their propmquity to the sun, he adopted a compromise 
essentially the same as the earlier l^yptian doctrme The earth remamed 
at the centre, but the planets revolved around the sim The recogmtion 
that the sun’s apparent annual motion is not a perfect circle was a severe blow 
to ideahstic dogmas which had reigned unchallenged for centuries. Ten 
years after the pubhcation of his work on Mars, Kepler broke boldly away 
ftom the geocentric view of the umverse and restated the doctrme of Aris- 
tarchus and Copermcus m the three laws which usually bear his name 
These are 

1 The earth and the planets move m elhpses with the sun at one focus 

2 The radius vector of a planet’s motion descnbes equal areas m equal 

times 

3 The square of the sidereal penod (T) of any planet bears a constant 

ratio to the cube of its mean distance (d) &om the sun, i e 


If the year is the umt of time and the mean distance of the earth ftom the 
sun IS as the unit of distance, the penodic tunes and mean distances 
of the planets at Kepler’s time ate given approximately m the following 
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table, &oin which you will see that their ratio is constant to about the same 
degree of accuracy as the figures themselves 


Planet 

T 

d 


Mercury 

0 24 

0 39 

0 971 

Venus 

0 61 

0 72 

0 997 

Barth 

1 00 

1 GO 

1 000 

Mars 

1 88 

1 52 

1 006 

Jupiter 

11 86 

6 20 

1 000 

Saturn 

29 46 

9 54 

1 000 


Kepler’s accoimt of the movements of the planets was not more satis- 
factory than the h37pothesis of Ptolemy because the case was stated with 
greater logical subtlety, because it placed greater reliance on mathematical 
mgenuity, or even because it was simpler to grasp It was more satisfectory 
because it could help people to do things. If we want to know when and where 
to put a telescope to see a planet m the sky, Kepler’s reape helps us m situa- 
tions when Ptolemy’s reape would lead us astray If we want to know when 
and where to look for an occultation of Aiars, Kqpler’s h3^thesis shows 
us how to make an almanac which will be serviceable for a long while ahead 
Ptolemy’s hypothesis could not A scientific hypothesis ts not a passive 
prediction of future events It is an active prescription for human conduct 
For a long while to come the Copermcan doctrme m its new form was still 
open to the objection that no annual parallax of the fixed stars could be 
detected by the instruments then available Its umversal acceptance by the 
saentific world was ensured by the fact that the earth’s diurnal rotation and 
the laws of Kepler reoaved mdependent confirmation from new knowledge 
about laws of motion to be explamed m the next chapter. The recogmtion 
that the apparent paths of the sun and planets are not perfect ardes was a 
far more drastic step than we might suppose In the age of Kepler, saence 
was only b^ m n m g to shake off the Platomc tea ching whidi seeks to arrive 
at truth by logical argument based on self-evident prmaples and verbal 
defimtions Plato taught that the heavenly bodies must move m circles 
because the orde is the most perfea figure Ptolemy had founded his system 
on the self-evident prmaple that the whole celestial sphere rotates around 
the earth Argumg from these premisses his logic was flawless The success 
of Kepler’s calculations started a steady declme m the bebef that logic is a 
suffiaent gmde to truth. 

To recapture the atmosphere of the time we may recall a type specimen 
of Aristotle’s astronomy ** The shape of the heavens is of necessity 
spherical, for that is the shape most appropriate to its substance and also by 
nature primary, , , . Every plane figure must be either rectihnear or curvi- 
hnear Now the rec tilinear is bounded by more th an one Ime, the curvilinear 
by one only, ... If then the complete is pnor to the mcomplet^ it follows on 
this ground also that the orde is primary among figures, and the sphere holds 
the same position among sohds . Now the first figure belongs to the first 
body, and the first body is that of the farthest circumference.” Contrast these 
words with those of Francis Bacon* “It cannot be that axiotriR discovered 
by argumentations should avail for the discovery of new works, the 
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subtlety of nature is greater many times over than the subtlety of 
arguments Radical errors m the first concoction of the mind are not 

to be cured by the excellence of functions and remedies subsequent 
We must lead men to the particulars themselves^ svhile men on their side 
must force themselves for a i^hile to lay their notions bj and begm to 
famihanze themselves with the facts 

The supremacy of fact over logic, the use of logic as an instrument to be 
cahbrated continually by recourse to fact^ is a lesson which every branch of 
science has had to master If we may gam profit from the record of man’s 
growing knowledge of nature^ we may be sure that scientific study of social 
institutions will be possible when our economists ‘‘lay their notions by and 
begm to famihanze themselves with the facts ” One by one the natural sciences 
have abandoned the self-evident prmaples of Anstotle Logical deductions 
foom the self-evident truth that nature abhors a vacuum have proved unable to 
suggest the proper way of pumpmg water out of a mme, and the sdf-evident 
truth that bodies fall where they belong is not particularly useful when we 
come to calculate the path of a pro)ectile. The past history of human culture 
shows us that a high levd of scientific attainment m isolated fields has 
flourished when men have been forced to bring their behefs to the bar of fact 
and use them as recipes of social conduct That the social sciences have not 
passed out of the stage from which the natural sciences were emergmg m 
the time of Kepler is sufficiently evident from the foUowmg exposition of 
The Nature and Significance of Economic Saence by Professor Robbms 

We have not yet discussed the nature and denvation of Economic Laws . . . 
It will be convement) therefore^ at the outset of our mvestigation8> if> instead 
of attempting to denve the nature of Economic Generalizanons from the pure 
categories of our subject-matter^ we commence by examining a typical spea- 
men * It is a well-known generalization of ^ementary Price Theory that, 
m a free market, mtervenuon by some outside body to fiix a price below the 
market price will lead to an excess of demand over supply Upon what 
foundations does it rest? 

It should not be necessary to spend much time showmg that it cannot rest 
upon any appeal to History The frequent concomitance of certam phenomena 
m time may suggest a problem to be solved It cannot by itself be taken to 
imply a defimte causal relationship It is one of the great merits of the 

modem Philosophy of History that it has repudiated all claims of this sort, and 
mdeed makes it the fundamentum dtvtsioms between History and Natural 
Science that history does not proceed by way of generalizing abstraction * . 

It IS equally clear that our behef does not rest upon the results of controlled 
expenment our behef m this particular generalization and many others 
IS more complete than behef based upon any number of controlled experi- 
ments But on what, then, does it depend? In the last analysis, 

therefore, our proposition rests upon deductions which are implicit m our 
mitial definition of the subject-matter of Economic Science as a whole 

This passage bnefly summarizes every attitude to knowledge discarded 
by the natural saenoes m reaching the prestige they now enjoy The natural 
sdences owe their prestige to the feet ihat they provide man with the means 
of xqpalatmg his social conduct They are able to do this because science 



2I8 


Science for the Citizen 

rests on a wholesome distrust of logic, except m so far as the results of a 
logical process are tested continually by return to the real world Sprat, 
Bishop of Rochester, m the first history of the Royal Society, which he 
speaks of as an ‘‘enterprise for the Benefit of Human Life by the Advance-^ 
ment of Real Krumledge^^ devoted the beginning of his narrative to the way 
m which real knowledge is gamed His resume of the scholastic tradition is 
worth quoting side by side with the preceding extracts from a contemporary 
economist 

They began with some general definitions of the Things themselves, accord- 
mg to their umversal Natures, then divided them mto their Parts, and then 
out mto several propositions, which they laid down as Problems These they 
controverted on both sides and by many mceties of Arguments, and Citations 
of Authorities, confuted their Adversaries and strengthened their own Dictates 
But though this notional War had been carryd on with far more care and 
calmness amongst them than it was Yet it was never able to do any great 
Good towards the Enlargement of Knowledge, because it rely*d on general 
Terms which had not much Foundation m Nature and also because they took 
no other Course but that of Duputit^ 

Some folk seem to think that the human imagination is impoverished by 
acceptmg the supremacy of fact over mere logic* So it is heathy to recall 
the eloquent fervour with which Kepler b^an the announcement of his 
doctnne* 

What I prophesied two-and-twenty years ago, as soon as I discovered the 
five sohds among the heavenly orbits — ^what I firmly beheved long before 
I had seen Ptolemy’s Harmomes — ^what I had promised my friends m the 
title of this book, which I named before I was sure of my discovery — ^what 
sixteen years ago 1 urged as a thing to be sought — ^that for which I jomed 
Tycho Brahe, for which I settled m Prague, for which I have devoted the best 
part of my hfe to astronomical contemplations, at length 1 have brought to 
hght, and recognized its truth beyond my most sanguine e^ectations It is not 
eighteen months since I got the first glimpse of hght, three months smce the 
dawn, very few days smce the unveiled sun, most admirable to gaze upon, burst 
upon me Nothmg holds me, I will mdulge my sacred fury, I will triumph 
over mankmd by the honest confession that I have stolen the golden vases of the 
Egyptians to build up a tabemade for my C5od far away from the confines of 
Egypt If you forgive me, I rejoice, if you are angry, I can bear it, the die is 
cast, the book is written, to be read either now or by posterity, I care not 
which. It may well wait a century for a reader, as God has watted six thousand 
years for an observer I 

PRECESSION AND THE DATE OF ANCIENT MONUMENTS 

In Chapter I reference has been made to the work of Sir Norman Lockyer 
and others on ^ly calendxical monuments With the aid of the methods 
dealt with m this chapter the prmciples of onentation can now be made more 
«phat The possibihty of datmg archaeological remains of this type is based 
on alignment to greet the nsmg or setting the case of the Great 

Pyramid — ^transit of stars The azimuths and transit elevation of stars depend 
on their dechnation which changes m the course of centuries owing to pre- 
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cession Whxie the positions cf tne ota*s "^ith reference to the plane of the 
ecliptic do not cnange, the rTi& of «jie celestial equator rotates about the 
eclLpuc aus (Fig i2S) at an (tre of tee ecliptic) which 

vanes only verj siigh Jy m the course ol axiiie in*a cet t the limits 22^ 35' 
and 24® 13' during me wlioie peizcd ci Ldsicnc tute Accox dmg to the 






Fig» 138 — ^The Precession of the Equinoxes 


The posmon of the stars with reference to the plane of the celestial equator slowly 
changes^ but remains constant with reference to the plane of the echpttc From the 
standpomt of an earth-observer (i e according to the geocentric view) tms slow change 
IS equivalent to a rotation of the plane of the celestial equator about the pole of the 
echpttc at approximately constant mchnation (23 J®) to the echptic Consequently the 
celestial pole revolves around the pole of the echptic at the same angle, and any bnght 
star on the circle of its revolution will be a Pole Star at some time during the course of 
a complete cycle of about 26,000 years The pomt of intersection of the equator and 
echptic shifts along the echptic m the same direction as the diurnal motion of the 
celestial sphere Hence the vernal equmox which in the time of Hipparchus occurred 
when the sun occupied the same relative position as Anes now occurs when the sun 
IS m Pisces, though the node<r> is still ciUed “The First Pomt of Aries ** The two 
**Pole Stars” shown are, of course, different ones — ^not two positions of the same one 


Ptolemaic yicw (Fig 138), the nodes or points of mtersection of the sun’s 
apparent path with the cdestial equator shift m the course of a year about 
6^ seconds of an arc along the echptic circle m the direction opposite to the 
sun’s annual retreat* According to the Cbpermcan view (Fig 139), the pre- 
cession of the eqmnoxes results Scorn the slow rotation of the esuih’s polatj 
axis about the axis of the edipnc at approximately constant mchnation (e 
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to the latter The result is that the sun’s position among the fixed stars on the 
vcmal equinox has shifted ftotn the constellation of Anes to Pisces since 
the time of Hipparchus^ though the node is still called “the first point of 
Aries®* denoted by the zodiacal sign for the ram (^) 

The explanation of the geocentric view of planetary motion given m this 
chapter is based on the observed change m the R A of a planet The trace 
obtamed is not the true orbit, but the projection of the orbit on the plane of 
the celestial equator Actually the planets move close to the plane of the 
echptic, and a closer approximation to the true orbit is obtamed by plottmg 
their movements m celestial longitude As stated on p 105, celestial longi* 


I 



Fig 139 — ^Thb Precession of the Equinoxi^ 

From the standpoint of a sun observer (heliocentric or Copemican view) the Pre- 
cession can be regarded as analogous to the wobble of a spinning top The earth’s 
polar axis rotates slowly about the pole of the echpuc and the earth^s equator revolves 
at the approximately fixed mchnation of 234° to the plane of the earth’s orbit* This 
rotation means that tibe north pole, which is tilted stmward when the sun is “m Cancer,” 
will be tilted away &om the sun m Cancer a half-cycle (4.26000 »= 13,000 years) later 

tude and latitude have the same relation to the axis and plane of the echpuc 
as R A. and dedinauon to the polar axis and the celestial equator Great 
circles of longitude mtersect at the pole of the echpUc just as great cirdes 
of R A (Fig 141) mtersect at the cdesual pole, and longitude is measured 
like R A eastwards from ^ Lautude is measured by elevauon above the 
plane of the echpuc just as dechnauon is measured by elevauon from the 
celestial equator, and colautude (90® — Lat ) is analogous to polar distance. 
Though this system is less useful for ready calculauons for geographical 
use. It has special advantages for observauons earned on over long periods, 
because the posiuon of the stars with reference to the plane of the echpuc is 
fixed So the lautude of a star, i e its devauon above the echpuc plane, is 
not afiected by precession and its longitude increases 50^ seconds of an arc 
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per year The sun’s celestial latitude is always zero^ and its motion m longi- 
tude IS more nearly uniform than its motion m R A If we know the latitude 
and longitude of a star at one date \^e can therefore find it easily at another^ 
and we can calculate the change m R A and dedmation due to the rotation 
of the nodes if we know how to com ert observations from one system of co- 
ordmates to the other We can then calculate the azimuth and times of nsing 

SiJtt f2i 

DeoMi Lex Z 

-D /->, - _ 



Fig 140 — ^Ecl. nc and Equatorial Co-ordinates of the Havens Superimposed 

IN A Plane 

By representing both the latitade and declination parallels as circles in conformity 
vnth Fig 61 a distortion of the great circles of longitude and Right Ascension is 
produced 

or setting of stars at different penods in the histoiy of the earth The solution 
of the problem also illustrates the method for determining the true orbit of 
a planet 

Since longitude and R A are both reckoned from the mterseebon (T) of 
the plane of the ediptic and equator, i e. the sun’s position on the vernal 
equinoz, 'p is 90° firom the pole of the edipuc along the great cude of 
longitude 0° and 90° fixim the edestial pole (P) along the great drde R-A. Oh. 
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(see Fig 141) The pole of the ediptic, the celestial pole, and 'Y’, form three 
comers of a sphencal tnangle of which 

EP is the colatitude of the celestial pole or the polar distance of the 
echptic pole and is equal to the obhquity of the echptic (approxi- 
mately 233*0 
E'Y’ =. 90° = PT 
/_ ‘Y’EP = the longitude of P 
^‘pPE = 300° — R A. of E 

So applymg the cosme formula for sphencal mangles 

cos ET* == cos EP cos P«ip -f- sm EP sm P'Y’ cos 'pPE 
cos 90° = cos 23)° cos 90° -i- sm 231° sm 90° cos •Y’PE 
cos 'pPE == 0 
'Y’PE = 90'' 

Similarly 

cos Pt = cos E'v’ cos EP -f sm Et sm EP cos ‘tEP 
cos 90° = cos 90° cos 23J° + sm 90° sm 233° cos «Y’EP 
*. cos <Y’EP = 0 TEP = 90° 

Thus the mangle EPt m Fig 141 is a nght angled mangle m whidh the 
side EP IS (approximately) 23J°, the sides E'p and Pt are each 90° and the 
angles E and P are also each 90° A sphencal tnangle is also formed with the 
three comers £, P, S, correspondmg to the poles of the ediptic and of the 
celestial equator and a star S The two sides £S, PS, are arcs dong the longi- 
tude and R A mendians of the star respectively Smce 'pEP = 90° and tES 
IS the longitude of the star, 

PES = tEP — ‘PES 
= 90° — Long of S 

Since yPE = 90° and 'pPS is the R A of the star, 

EPS == «pPE -f “PPS 
=-90°-f RA ofS 

In the sphencal tnangle EPS therefore we have five quantities of which any 
two may be found, if the other three are known They are 

EP = 23J° approximately 
ES == 90° — Lat (=colatimde) 

PS = 90° — declm (=polar distance) 

PES = 90° — Long 
EPS = 90°-fRA 

Applymg the cosme formulae* 

(i) cos PS == cos EP cos ES -}- sm EP sm ES cos PES 

sm (declm ) == cos 23j° sm (lat) H- sm 23^° cos (lat ) sm (long ) 

0i) cos ES » cos EP cos PS + sin EP sm PS cos EPS 

sm (lat.)“Cos 23J° am (dedin )— sin 2^° cos (declm.) sm (R A )* 

* Smce cos (»0* -f- A) — tin A 
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Fig 141 — Thi Two Systems of Celestiai- Co-OKoivATts 

Celestial latitude and longitude give the direction of a star as seen fitim the earth’s 
centre with reference to the plane of the echptic (or earth’s orbit about the sun) 
Declination and R A give its direcoon as seen from the earth c^tre with reference 
to the plane of the celestial equator (at rtght angles to the earth s polar axis) Since 
the posiuon of the stats with reference to the eclipuc plaiw is feed the tentude of a 
star w not affected by precession Longitude is reckoned like R A from the inendian 
which passes through the node or Since this slowly retreats at 00* seconds of ^ arc 
per ve« the longitude of any star mcreases by OUi" per year Compare this figure 
^efully with Fig 48 m Chapter 2 by ulting either through 23i 


So if we know the R A and declination of a star we can calculate its celestial 
latitude, and if we know the cdestial longitude and latitude of a star we can 
get Its by the cosine formula Sunilarly, applying the sme formula 

sm EPS sin PES 
sm ES sin FS 


sm (90“ + R A ) _ sm (90° — long ) 
sm (90° — lat ) “ sm (90° — dedm ) 
cos (R A ) cos gong.) 
cos (lat ) cos (dedm ) 


(m) 


„ . , cos (long ) cos Oat ) 
cos(RA)- cos (dedm) 


and 

cos (R A ) cos (dedm ) 
(iv; cosOong) cos Oat) 
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For a dieck to the formula we may calculate the azimuth of the rising May 
year ^ 69) sun at the terrestrial latitude (61 ° approximately) of Stonehenge 
To do this we need to know the sun’s dechnation on May 6th The Alay year 
begins at a date half-way between the vernal equmox and summer solstice 
So the longitude is 46® The sun’s celestial latitude is always zero Thus 

sm (dechn ) = cos 231® sm 0 + sm 23|® cos 0 sm 46® 

= 04-0 “3987 X 0 7071 
= 4-0 2819 
dechn = 4- 16^® 

At 61® (terrestrial) latitude the azunuth of nsmg is given by the formula 

^ ^ sm (dechn ) 

cos(azim)= ^sdal)' 

_ sm 16y 
“ cos 61® 

= 0 448 

azimuth == 63J® (approximately), or 26J® north of the 
east pomt Allowmg for a shght change m the obhquity of die echptic, this 
corresponds to the older May year alignment whi^ Lockyer describes m 
addition to the solstitial settmg (Fig 1) 

As a problem m assigmng a date to archaeological remams the Great 
Pyramid wiH serve for illustration Accordmg to one theory the tunnel 
sloped to greet the transit of iSotA, or Sinus as we now call it To simplify 
the issue we may calculate the declination of Sinus 4,100 years ago, 1 e m 
2164 B c The present declination of Sinus is (approximately) 16|° South, 
and Its RA is 6 hours 42 nunutes (approximately), or 101°. To get its 
co-ordmates at the date mentioned we may first r^er its position to the 
plane of the echptic, thus: 

(1) sm (lat ) = cos 23^® sm (— 16i®) — sin 23J® cos (- 16j®) sm 101° 
= — cos 23J® sm 16J® — sm 23J° cos 16J® cos 11° * 

= — 0 6368 
lat = - 39 6® 


(u) 


cos (long ) — -f 


cos ( — 16^°) cos 101® 
cos ( — 39 6) 
cos 16J° sm 11° 
cos 39 6® 


= — 0 2371 


Smc« cos 76 3® = 0 2371 (approx ) 
cos (180° — 76 3°) = — 0 2371 
longitude = 103 7° 

The precessional shift is 60^ seconds of an arc m the longitude of all stars 
per year Hence the mcrease since 2164 b.c. is (60J x 4100)' 01 

* Since sm (90 + A) = cos A. 
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50^ X 4100 — oOUO de^nrees, e 57 Thus the longitude of Sinus 
at that date vas 103 7® — 37 d" = iu To that the decimation of Sinus 
at that time is giveri fay 

sin {CLftchxij = cos 232® — ^ia23 co*> sin [id 5^) 

== — cos 23^" 30 3“ 23 = cc- 30 5^ s*n ^0 5^ 

— 0 3323 -r 0 2J32 
= — 0 3G01 
decimation = 21 i® S„ 

Tne accompanymgfigitre iPig iU;, .\nicL sxlocucL re compared witn Fig 2, 
shows that if the angle of tne Pvramia iS 3ppro:Lmiatel3 32", the beam of 



Fig 142 — ^The Geometrical Relations of the Transit of Sirius to 
THE Great Pyraaud 

Sinus stnkmg its face at right angles when crossmg the mendian is elevated 
38® from the horizon The terresmal latitude of the Pyranud is 30®, so that 
the angle which the star made with the celestial equator (i e its declination 
at the time when it was built) was approiomately — 22®, which differs by less 
than a degree from the figure calculated, for the date assigned, with the aid 
of four-figure tables and approximate values for the obliquity of the ediptic 
and the angle of the P 5 n:amid. Proceedmg m this way we get — 20 8® m 
2064 and — 23 6® m 2864 b«c. for the dedmation of Smus If, then, the tunnel 
was m line with the transit of Sinus, the Pyramid must have been com- 
pleted about 2400 b c. To assign a more prease date a graph of more accurate 
values of declinations at different dates, as given m Locl^er’s book on 
Stonehenge^ ca ti be prepared, and the date when the declination of the star 
agreed most closely with the architectural data can be read off from it. 

The possibility of dattng a solar monument like Stonehenge depends on a 
different prmaple. Whap we call the summer solstice is the day on which the 
positive declination of the sim is equivalent to the angle of obhquity, and smce 
the mchnatxon of the equator to the ediptic is not mvolved in the precession 

H 
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of the equmoxesj the preccssional rotation does not affect the sun's decimation 
and therefore its azimuth of nsmg and scttmg on the solstice Actually^ the 
observations which have accumulated from the time of the Alexandrian 
Hipparchus and his Babj Ionian predecessors show that the obliquity of the 
ecliptic has changed very shghtly — less than a degiee — smee the be ginnin g 
of recorded history Hence the sun*s decimation, which is now about 23 
on the solstice, was about 24® st the time when Stonehenge was erected, and 
this makes a perceptible a/imuth difference which can be detected by the 
ahgnnient of an avenue placed to meet the nsmg midsummer sun 


EXAMrL£S ON CHAPTER IV 


For these the reader will need Whitaher^s Ahnapack and a plamsphere, which 
can be obtamed from an educational booksellei for about 2s 6d or half a 
dollar 


1 With the aid of a map on which ocean distances are given, vwk out 
the distances by great-circle sailmg from ports cormected by direct routes 
What are the distances between London and New York, London and Moscow, 
London and LiverpooP 


2 On April 26th, the sim’s R A bemg 2 hours 13 mmutes, the beanngs 
of three stars were found to be as follows, by a home-made msirument 


A smut h 

Pollux W from S 

Regulus W 28^ from S 

Arcturus W 7^ from N 


Zemth Distance 

Local Time 

46® 

9 28 p m 

41® 

9 39 p m 

31® 

12 50 p m 


Fmd the decimation and R A of each star and compare these rough estimates 
made at Lat N with the accurate determinations given m Whitaker\ 
Almanack 


3 To get the exact position of the meridian a Ime was drawn between two 
posts in Ime with the settmg sun on July 4th at a place Lat 43*^ N At what 
angle to this Ime did the meridian lie? (Wkttaker gives the sun*s decimation 
on July 4th as 23® N ) What was the approximate time of simset? 

4 If the R A of Sinus is 6 hours 42 mmutes and its declination is 16|® S, 
fmd Its local times of nsmg and settmg on January 1st at 

Gizeh Lat 30® N 

New York Lat. 41® N 

London Lat SIJ® N. 

Check with plamsphere 

5 Fmd the times of nsmg and settmg of the sun on February 9th, also the 
^imuth of nsmg and setting on the same date at the latitudes of London, New 
York, and Caj^ Town 

6. Fmd the times of nsmg and settmg of Vega, a week before and a week 
after the vernal equmox at Lat 61® N Compare them with the times of sunrise 
or sunset Give the azimuths of nsmg and settmg at the same latitude (RA ot 

V^a 18 hours 36 mmutes, Dedmaticm 38® 43') 
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7 From tcbies or R A a'lc DecLnation m l\ nadkeiy m^ake a graph 
of the t-ines of riS-ng tmci eettmg oi any s,tar and *^5 the stia tnroughout the 
year ct xc^r o^vn latiruae Hence "-ae e on ^ the s ar is ^een rising 
^nd setting m mcjmmg (^ore oefere tunr^ce ^ e" nmg twilight 

(one iioor after simcet) Check \kxta ^ c.czus-^^ere 

S Fina me oecimauon of Fc^-c:<s ani D^cCwIl- n ni- ^rre oriiappa*-chus 
(150 B C ) 

9 According to Fotheimghoma tie C^-aldean s^tionc’aer Ci-.encs taught 

that Mercuiy i.as ne^ei more tnan 2J'' clibia^t the Cw*n If a:^ orb.r *\ere 
circuilar what wot-in be the relati’^e dist^-nces ci one the eor^n from 

the sun^ 

10 Witn me aia of tnree consecutive issues of ITAzza^nr tabulate the R A 
of Venus and Mars foj. a suf£ciant period to determme me Siidereai period of 
each planet, and ctCwermme tne relati-^e breadtn of then heLocentriC orbits, 
assuming that mey are the circular form 

11 Use the sidereal periods of the mcon and one oi the pianett Venus, 
Mars or Jupiter, the R A of the moon ana the R A of me planet chosen as 
given for me farst day of the month m \Vht.take>:^ to calculate apprcsimete 
times of lunar conjunction and opposition aor-ng me ensuing lun^ c>cle 
Check Ixom tl-e same source 


THINGS TO MEMORIZE 


1 Solution of spherical mangles 

cos a = cos b cos c + sm b sm c cos A 

. , sin a sm G 

sm A= ± 


2 If Azim is reckoned from the south pomt 

sm Decl = sm Lat cos ZD— cos Lat sm Z D cos Azim 

When a heavenly body is nsmg or settmg 

sm Decl == — cos Lat cos Azim 


3 


sm Hour Angle == 


sm Azim sm Z D 
cos Decl 


4 If Azimuth IS reckoned from the south pomt, cos Azira is positive for 
stars with southerly, and negative for stars of northerly, bearmg Sm Azim is 
reckoned negative when a star is east of the meridian 


5 Eccentnaty of eUipse 


distance between foci 
major as^ 


x mnor axis \^ 

.major axis/ 

6 Kepler’s Third Law. If T is the sidereal period of a planet and d its 
distance from the sun, T^ — d® is the same for all the planets 



7 See also the four formulae on pp 222-3 rdatmg celestial latitude and 
longitude to declination and R A 



CHAPTER V 


WHEEL, WEIGHT, AND WATCHSPRING 
The Laws of Motion 

The detenxucation of longitude m modem navigation and esploration depends 
upon oompanng local tune as detennined by the sun or stars with tune at 
Greenwich, as esplamed on p 79 This method has only been m use a 
hundred and fifty years Before then, it was not possible to construct clocks 
with sufSaent rehabihty to keep m step with standard tune durmg a sea 



Fig H3 — Priautive Timepieces 

Before the introducuoa of clocks the early monastenes of northern Europe regulated 
the routine of daily ntual by the use of hour candles The word dock is d^ed from 
cloche, a bell The bell which tolled matins and ve^ers was once the village dock 
Houp-glasses of great antiquity ware comparable to me device soil used to time the 
bmlmg of an egg 

voyage. The kbonous method of lunar distances or the use of echpses and 
occultations, when they happened to be visible, were the only methods 
available when long-distance westerly courses were first imHe^t ake n m the 
dosmg years of the fifteenth century For practical purposes the use of the 
moon as a celestial signpost had two immense disadvantage} One is that 
dear-cut moon signals smtable for observation with rough-and-ready m- 
struments at sea are comparatively rare events The other is that methods of 
finding longitude by rdymg on the moon's position (as ninstrated m Fig 37 
and Fig 110) are Imble to mvolve a la:^ error unless correction is for 
paraUax. Thus the method of Amengo died on p. 180 gives a very poor 
result, and its use m the Spamsh and Portuguese fleets would have b m i 
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Fig 144 — Water Clocks 

The clepsydras of the early Mediterranean civilizations were simply graduated vessels 
of com^ shape to ensure a steady rate of flow as they emptied They were filled 
daily The mechames of Alexandria made more elaborate devices which, so &r as we 
can be sure from the desenpnons available, seem to have employed two prmaples 
One was the float with an upnght rod This might bear a simple pomter which recorded 
the hours on a vertical scale It might have a ratchet which worked a cog wheel carrying 
a pomter for a circular dial Alternatively a revolving mechanism somethmg like a 
water wheel m design was used Water clocto of this type were still used m seventeenth- 
century Europe The float clock shown m this flgure is provided with a reservoir 
designed to maintain a fixed rate of flow. Hence it could be used to record hours of 
equal length Alexandrian clocks were not so made Before the invention of the Arab 
sundial with its style pomting to the celestial pole the mterval from sunrise to sunset 
was taken as a unit of mne, and the hours were not equivalent m different seasons 
In ancient clepsydras, an adjustment was made by plunger which vaned the c^iaaty 
of the vessel, and hence the rate of flow from it Tlie bent tube on the side cm 
the float dock acts as a siphon which automatically empties the vessel, and thus makes 
possible the cootmuous record of time without personal attention 
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impossible without the assistance of trained astionomers who accompamed 
their expeditions 

In 1714 the British Government offered a prize of £20,000 for the mven- 
tion of any means of determimng longitude at sea with an erior of not more 
than 30 nautical miles The prize was awarded for Harrison^s chronometer 



Fig 143 — ^The water clock of Ctesibius invented about 260 b c had watci dropping like 
tears mto a funnel from die eyes of a statue A float mechanism raised another human 
figure with a pomter which mdicatcd the hours on a vertical cyhnder Once in twenty- 
four hours the figure descended to the bottom of the column by a siphon mechanism 
as shown m the previous illustration The siphon outflow worked a water wheel 
which very slowly rotated the cyhnder dial, mafing a complete rotation m a year The 
graduation of the cylmder was adapted to the varying lengths of the hours throughout 
the seasons The gearmg is not shown The cunous feature of this device is the applica- 
tion of so mudh mgenmty to conserve the seasonal hours which preceded the mvention 
of the Arab sundial It is said to have been installed m a temple 

m 1766 Simultaneously, Le Roy of Paris invented a better device which is m 
pnnaple like the modem chronometer These patents were the crowmng 
achievement of sustamed effort over a long penod As early as 1530, Gemma 
Fnsius, a Dutch mathematiaan and cosmographer, had pomted out the great 
advantage of a chronometnc method (p* 79) for finding longitude at sea 
Thereafter the improvement of the doc* constantly engaged the attention of 
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the leaders of physical ^c.erce GJiileo Hooke^ ?nd Huyghens, who laid tlie 
foundations oi entiles £3 "teiratized b} ycAton m the 

P/^ lupta^ weie acu\e!^ ^onwemea “ t. e ^^^ttenncni of tine timepiece, and 
some of the most fm \J ineoieaca. *Oi. -nrndo''t of t lea interest 

in dojjig so One of Lst acts of Gwii^eo^ ^ no ai‘?co\ereC Jr a principle of 
the pendtJuri^ tvas to oictate a project for Jie constmenv n of a pendulum 
clock Hooke, \<ho said to Lc.^e nrtt mjrodaced hair sprmg^ a'so in- 
vented tnc ‘ancJnoi escapement ’ anu a d 1 me for flitting v aten v heels 
accurately In a \eiy teal sen^e^ ms of the Spr .ms a hy-^.ouacr 
of the technoiogv of time-heepmg Huygiens, who fire: ceN elope- the tneory 
of cenrrmigal rrouoi^, puoiished n m las O iJ lonum wh’ch 

r ; 


V- 



Fig 146 

The design of these two clocks illustrates vividly the dual social conte’W in which 
the technology of mechanical timekeepmg progressed m the middle ages 

desenbes his mvention of the pendulum clock He also made several attempts 
to make a seaworthy clock suitable for findmg longitude by the method of 
Fnsius and subjected his models to tests at sea 
The first clocks m the modern sense, le clocks geared with toothed 
wheels, were dnven by the falling of a weight, and checked daily by the noon 
sun They were large clumsy ajSfairs, scarcely as accurate as the magnificent 
but quite immovable water clock or clepsydra which was constructed by 
Ctesibius at Alexandria (see Fig 146) in the third eentury bx Although 
designs were put forward at an earher date, weight-dnven clocks did not 
oxne into use before about ax 1000, when they were first put up m churches 
and monasteries For two centuries their use was confined to the oflScial 
tunekeepers of Chnstendom Till about a d 1460 they were not sold for 
secular use except for installation m pubhc buildings In England the first 
pubhc dock was erected in AP 1288 Meanwhile Arabic astronomy was 
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begummg to filter mto northern Europe In the generation which preceded 
Copermcus, Walther of Nurembtirg (1430-1504) equipped what appears to 
have been the first observatory with mechanical clocks Sprmg-dnven 
portable watches — the so-called ‘‘Nuremburg eggs” — ^were marketed at the 
begummg of the sixteenth century 

In previous chapters enough has been said to emphasize the importance 
of an accurate and portable device for regislenng time as a basis for astro- 
nomical measurements which underhe calcndncal practice and navigation 
Mechamcal clocks made no mean contnbution to the great progress of 
astronomy during the epoch of the great navigations Aside from its usefulness 
as an mstrument of observation, the wheel-driven clock created a new 
problem m mechames Fmdmg the laws which describe the motion of the 
dock also disdosed new laws which desenbe the motions of the solar system 
Though the tdescope did much to encourage a favourable reception for the 
doctrme which Gopermeus had revived, the mvention of the pendulum dock 
was the madent which gave the death-blow to the geocentnc pnnaple. 

The Copermcan doctrme, and still more the laws of Kepler, cqmpped 
navigational astronomy with more rehable and manageable rules for edeu- 
latmg conjunctions of planets Apart from the convemence of domg so, 
there is nothing to explam the populanty of the Copermcan teachmg 
A century after the death of Copermeus no known facts of terrestrial 
expenence could be brought forward to justify the major premises on 
w^ch his doctrme rests. The supposed orbital motion of the earth was 
difGlcult to reconcile with &ilure to measure the annual parallax of a 
star, a feat which was not accomplished till about 1830, when improve- 
ments m optical mstrumoats made it first possible Telescopic observations 
hke Galileo’s descriptions of sunspots suggested the diurnal rotation of other 
heavenly bodies before it was possible to pomt out a single occurrence due 
to the earth’s axial motion Even when Kepler published his final treatise 
on planetary orbits, scepticism was common among his contemporaries; and 
Bacon, whose N<mm Organum was written as a challenge to the Anstotehan 
tradition, obstmatdy rqected the hehocentnc view From a landsman’s pomt 
of view, the earth remamed at rest till it was discovered that pendulum docks 
lose time if taken to a place nearer the equator (see p 288) After the mvention 
of Huyghens the earth’s axial motion was a socially necessary foundation for 
the colonial export of pendulum docks. 

The mechamcal prmciples discovered by Newton’s immediate prede- 
cessors, Stevmus, G^eo, Hooke, and Huyghens, brmg us face to face with 
one of the great dichotomies m the history of human achievement While 
saence in the anaent world was chiefly concerned with heavenly motions, 
that of our own tune is largely occupied with earthly ones This neglect 
of terrestrial motion by men of science m antiqmty is not surpnsmg. Neither 
their tec hni ca l eqmpment nor their social environment was propitious to 
studying it Antiquity was ill supplied with mechamcal devices for registering 
small mtervals of tune, and so long as civilized life was restridted to smmy 
climates there was no pressing need to invent them. While slave labour was 
abu ndant there was no social pressure to bother about how th i n gs get moved. 
Mer ch a nd ise was earned by slave-driven galleys equq>ped with for use 
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when winds were fa^ourcble It was the busmes/S of the overseer to control 
the sla\e and of the pi.e^ts to pronicrte tee v.inos Science was equally 
irrele' ant tc both methods of persuasion 

Northern civilization, where knowledge sas tepidly acianCing m the 
sixteenth and se\eni.eentn centuncs oi the CLrj.*tian era presents a diiierent 
picture Alechamcai timeltcepmg is a social necess.tj fi r a “iizhH cs\ eloped 
culture in the grej noi^nerr chmate Dunng t-ie Jeclce '_‘f siaserj 



Flo 149. — ^Asirokomicai. Clock of the Sixteenth Centoxy 

finm the tune of Constantme onwards, mechanism had penetrated everyday 
life m other ways The water null was replacmg irksome toil Gunpowder had 
entered the theatre of war Marksmanship required a dose-up view of motion, 
and metallur^cal development (p. 363) received a new impetus, malntig new 
demands on water power The circumstances of artillery practice, of dodt 
manufacture, of navigatipn, and of water power, bdos^ to a social contest m 
which men of capaoty could find wealthy patrons to encourage mechamcal 
enquines. The new power with which gunpowder equipped imponahst 
desigDS on die New World, the mcieasmg importance of astronomy m 
we st e d y navigatjon, and the introduction of the do^ mm secular use, were the 
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Fig 160 — nearly Sbventehntk-Century Observatory with Supple Quadrakt 
(NoN"Tblescopic) and Mechanical Clocks 

Tlie mcroduction of clocks into astronomical practice during the latter end of the 
fifteenth century mcreased the &cthty of determining the time of transit, and hence 
R JV of stars with more accurate clocks at their disposal m the middle of the seven- 
teenth century astronomers undertook extensive revision of the star catalogues 
Promment among them was Hevel of Danzig His observatory is here seen The 
catalogue of Hevel formed tihe basis of more refined observations with telescopic sights 
m the Pans and Greenwidi observatories during the latter end of the seventeenth 
century 

(Note that the accuracy achieved by medieval astronomers who worked like Tycho 
Br^e without telescopic instruments was due to the large scale of their instruments 
Thus T^ycho Brahe used a quadrant 19 feet across A circle of radius 19 feet has a 
circumference (360 degrees) of 19 x 2 x 3 14 feet, 1 e rot^hly 120 feet or 4 mches 
per degree Since it is quite easy to distinguish h^ a millimetre (one-fifheth of an 
mch), an accuracy of €com one hundredth to one two-hundredth of a degree could be 
obtained, if the $c^ was accurately cahbrated } 

principal circiitastances which conspired to create the adventurous hopeful* 
ness of seventeenth-century capitalism^ when Bacon penned his eloquent 
plea^ ^*the true and lawful ^oal of science is that human hfe be endowed with 
new powers and mventions ” 

The mihtary manuals published from 1500 onwards (see Fig 151) bear 
eloquent testimony to a new impetus m the social baclr^und of Galileo’s 




Fig 151 — ^Military Mateibmatics 

These two prints taken firom old books show one way in which solving the problem 
of motion had become a tedimcal necessity m the period^ Stcivinus and G^co 
The upper one is firom Bettmo^s Aptwrta (Bologna, 1646). The lower from Zubler s 
work on geometric instruments (1607) 

the Sixteenth and seventeenth centuries the improvement of dock design 
was a matter of as much importance as the improvement of motor cars today. 
Exploration and navigation demanded a seaworthy timq>ieoe, while marks^ 
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xnanship called for a new unit of time reckomng The problem of longitude in 
westerly courses and the problem of range-findmg m mechanized warfare 
converged to a common focus, when the second became a umt of time measure- 
ment for the jBxst time m history, and north-western Europe foimd it possible 
to dispense with a rehgion of samts* days 

MECHANICS IN THE NEWTONIAN AGE 

Many people find the mechamcs of the Newtoman age diflScult co under- 
stand To avoid discouragement it is therefore best to realize how some of 
the difiSculties arise The custom of speakmg of mechamcs as one of the 
ezact science — ^it is even called ‘‘apphed mathematics”— conceals the truth 
that all true science is as exact as it needs to be m virtue of the social circum- 
stances which force it to tackle new problems and as exact as it can be with 
the mstruments at its disposal In reitity the textbook mechamcs of Newton 
and Galileo is grossly inaccurate as a dcscnption of most mechamcal devices 
which we ourselves commonly meet The mechamcs of the age m which 
Galileo and Newton hved was good enough for what were then called 
machmes It was brilliantly successful when apphed to the problems of 
celestial motion In a sense it was less the corner-stone of modem mechamcs 
than an eloquent obituary on the science of antiqmty The world had not 
yet begun to measure power produced without the Qid of man or beasts 

The problem of Newton*s age was to connect the new motive power of 
the cannon ball with the behaviour of devices like levers and pulleys which 
distnbute the power of human bemgs or of animals Machmes like dynamos 
and gas engmes which generate power from inanimate sources were not yet 
known. The water wheel or windmill took power from Nature at no 
cost to human effort Newtoman science had no balance-sheet for heat 
and work You wiU not understand the mechanical prmaples of Galileo 
and Newton if you expect them to apply to the machinery of rapid large- 
scale mdustnahrration m the Soviet Umon, and you will be less womed by 
the words m which they were stated if you remember something else Views 
which are now commonplace were entirely novel m the age of the first 
pendulum clocks Because they were novel and because they were still in 
violent opposition to traditional belief it was pardonable to state them m a 
cut-and-^ed way, neglectmg qualifications which seem imperative to us 

It wdl help you to get the atmosphere of the time, and to see what the last 
sentence means, if we begm with a prmaple which is implicit m Galileo's 
treatment of the path of the cannon ball Accordmg to the Anstotehan 
teachmg, which was adapted by St Paul to explain the mystery of the Resur- 
rection, ever3rthmg m the umverse had its place. If things got out of place 
they returned sooner or later to the place where they belonged — eaithly 
bodies to earth, celestial bodies (including the ^^spmts” of the retort) to 
heaven. Like other self-evident principles on which economists rely, this 
had very httle rdevance to the conduct of secular life, unless taken to signify 
that smokmg is a celestial occupation. In particular it does not help you to 
decide where a bullet belongs. So long as Aristotle’s physics enjoyed as much 
authonty as the Bible, it was a novel and exciting discovery to find that things 
just go on movmg till somctfaxng stops thorn* It was just as novel as Darwin’s 
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doctrine tvhen most EngLshrren stJl Delie\ ed the Biblical account of creation 
Tne v.ords m fun’s gcnv.r?licn rnnoimced tbe discover}^ are no 

more surprisjig t n a n the 5"* cl tlot s vie''*t coout man’s nearest 

Simian ancestors are not u--i*;ers£ilT ai the present ar^e 



Fig 162 — ^Hitting a Moving Object 

If the bullet is fired along the line of sight, it will miss The nder will have moved 
on beyond where he was along the hne of sight at the instant when the bullet left 
the muzzle To hit the mark the gun must be tilted away from the Imc of sight m the 
direction of the rider’s motion If the nder moves at a velocity v feet per second, he 
covers vt feet (here 3t;, smce the tune is 3 seconds) in t seconds In the same time 
the bullet travellmg with velocity V feet per second covers a distance of Vr (here 3V) 
feet along its own path If bullet and nder reach the same pomt, as when the bullet hits 
Its mark, their paths make two sides of a nght-angled tnangle with the sight hne at 
the moment of firmg, enclosmg the angle a which measures the tilt of the gun to the 
direct Ime of sight, when the aim is correct The nder’s path (»i) and the bullet’s 
path (V r) are respectively the perpendicular and hypotenuse to a, i e sm en — Vt or 

sm a «■ V — V =» cos (90® — a) 

The proper angle depends only on the speeds of the buUet^and nder, and it is not 
necessary to know the distances* 

How the principle of inertia emerges from the social contest of the time 
IS shown an Figs X52 and 153, which illustrate two of the most dementaty 
problems of marksmanship If you are standmg still (Fig 152) you have to 
shoot ahead of it to hit an object moving; at right an^es tojyour direct Ime of 
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Vision at the instant when the charge explodes Conversely, if you are moving 
at nght angles to the direction in which you are sighting a still object, you 
have to tilt the gun to the rear (Fig 153) If you aim straight at the object 
the bullet vnll be ahead of it by the time it is level with its mark The bullet 



If the bullet is fired along the line of sight, it will miss the mark, because it moves as if 
m each second (1) it continued to progress with the velocity v of the nder along its 
course (x e the motion it had while it was still m the muzzle), (11) it had also the same 
velocity, V, along the direction in which the gun pomts, as it would have if the nder 
were at rest To hit the mark it must be tilted away from the direct hne of sight m 
the direction opposite to the nder*s motion Travelling at V feet per second m Ime 
with the axis of the gun, it moves simultaneously v feet per second parallel to the 
nder If the angle of tilt (a) from the sight Ime is correct, its velocity v along the 
nder’s course must keep it in the direct Ime of sight at the moment of firmg Hence, 
if n is ihe nght angle of aim, the distance (or) the nder would travel m time f, the 
distance (Vr) the bidlet would travel if the marksman were at rest and the direct Ime of 
sight, together form a nght-angled triangle, m which sm a — or — Vr, or 

sm a » o — V « cos (90® — n) 

Thus the same rule descnbes the correct angle of tilt whether the marksman is movmg 
at a particular velocity or the object at which he aims is movmg at the same velocity, 
one or the other being still In other words the nit of the gun is only concerned wim 
their relative velocities* 

therefoxie behaves as if it hepi its motion sideways at the moment of leaving 
the muzzle and gamed at the same time a new motion along the Ime of aim, 
;ust as a boat dnfliag m a current (Fig. 154) keqps the motion it gets ftoxa 
the oars and gains a simultaneotis d^ down stream* 
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The fact that it does sc vas qui.e uii^\tccicd 9 nen the science of marks- 
manship '^as m Its infcnc^ Ta.s \ r^ cun trz ±1 openmg sentence of 
the second: chapter m tne Lez\ zu^'ia 

That wnen a thing is still, un-css ct:r he forever still, 

IS a truth that nu man dc^cts '*4^ . c t:^g . in motiona it uiU 

eternally be ^ motion - t**e reason l?e the 

same, that nothmg can cj^£*ige or is tc to 



Fig 164 — Composite Motion of Boat in Current 

As the moving marksman must tilt his gun from the sight Ime, so an oarsman must 
keep the keel turned away from the direcuon m which the boat must progress to 
reach its destination m a straight Ime The same construction for findmg the corre^ 
angle fits either case If the boat is to be rowed along a course at nght angles to the 
current, the keel must be inclined at a to this correct course, and at (Oo'* — a) to the 
current To make a scale diagram, lay off equivalent distances traversed by a cork 
dnffang m the current and by the boat, rowing at its ordinary straight Ime veloaty 
m still water These must be the sides of a right angled triangle, or of a par^elooMi 
whose diagonal is at right angles lo the current The figure is drawn for a thr^noi^ 
course, durmg which the boat would row TJ miles m still water, and a cork would 
drift 44 nuies Only one nght-angled mangle can be made with these two sides, if 
one IS the hypotenuse In this case, sm a = 44 — 7J = 0 6, winch is the same as the 
ratio of the current velocity (o), and the veloaty (V) of the boat m w^er In 
^neral, sm a ^ v — V ^ cos (90^ — a), so that a can be got from tables of sines 

The resultant veloaty is Vv* — ©* 


These words^ written by the matenahst philosopher Hobbes when Newton 
was still a boy> are almost identical with those in which Newton himsdf 
stated his Fmt Law of Motion As they stand they are somewhat metaphysical. 
We have no cacpenence of bodies movmg with absolutely constant speed or 
of things being permanently at rest or of any process gomg on forever Still, 
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the essential fact of the sluggishness of matter or inertia is a very tangible one^ 
and ditev tly contrary to Aiistoile’s teaching We all know that when a tram 
or bus stops or starts cur bodies continue to move an the direction of the 
pre\ lous movement, or remam at rest, as the case may be Our feet, firmly 
set on the floor, follow the movement of the vehicle Consequently we lurch 
backtvards when the tram or bus starts, or forwards when it stops In this 
instance the movement of the vehicle is usually straight at the time In 
turning a comer we luich forwards and so outwards, a difficulty which every- 
one has to leam to forestall when fcst attemptmg to nde a bicycle Our 
tendency, which we soon leam to counteract by leanmg mwards, is to go over 
on the outer side of the curved path traversed by the machine This illustrates 
the English idiom which embodies the most important aspect of mertia We 
“fly off at a tangent The prmciple of mertia signifies that when we turn a 
bend, we have to exert a pull by bendmg mwarcte to prevent ourselves con- 
tinumg to move m a straight Ime forwards 

You may properly objecrt that the flywheel of a steam engme does not go 
on for ever, and that Newton^s first law is therefore plam nonsense This 
would be wrenching it out of the context to which it belongs Newton’s 
generation knew as well as we do that an iron ball does not roll along a 
stretch of ice indefimtely They also noticed that it does go on much longer 
than It would on a rough surface, and that a well-lubnc:ated wheel revolves 
longer than one which is dry Hence they concluded that fficmon or adhesive 
contact with matter is the dnef circumstance which limits the prmciple 
Smce the same push will propel an object over a longer distance m air than 
m water or m contact with a solid suriace, they argued correctly that this 
limitation is usually unimportant when the matter m contact with the moving 
body IS rarefied They also recognized that air fhction may be considerable 
if the surface of an object is large compared with its bulk, and Newton himself 
carried out an important experiment to find out how far air faction can be 
neglected (see p 376) For calculatmg the range and height of the slow- 
moving short-range projectiles of Galileo’s tune, the error due to air faction 
IS very small. 

It was thus natural to go a step ferther If there were no air, and no contact 
with matter, there would be nothing to stop a cannon ball &om going on in 
a straight Ime at the speed with which it left the muzzle, excqpt the fact 
that like all other solid bodies it is bemg pulled earthwards during its range 
If so, why should not the planets move m a straight Ime through the vastness 
of empty space with no faction to stop them? Might not the answer be that 
they were pulled sunwards as the cannon ball m its curved path (Fig 171) is 
pulled earthwards? This was the problem to which Newton’s first “law” was 
pre Hminar y The words m which he propounded the pnnaple of mertia, 
though seemingly speculative in circumstances with which Newton was not 
concerned, are easily mtelligible m their own settmg 

MECHANICS m THE ANCIENT WORLD 

To trace the stq)s which led to Newton’s mechamcal view of the solar 
system we must start with machines as the word was still used in Newton’s 
time With the exception of the sailing ship, the wmdmiU^ and the 
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wheels machines r%ere stiil devices f^r spending homan effort in a more 
convenient v^aj A machine was not somcirmg that cUd work for 3011 like 
a dynamo It was something winch gave vou 7 reJ a-^^ra^ lagCy another 

term foi adaptmg a tasic to the normal rate at v a hduzdJi being w orks 
efficiently oj , more simplv ^ allowing “ ou to t*me ov er v our "ob In eifect 

they gave 3"ou the cbciCc of carry mg a j-tght xcao Over a long stretch instead 
of straining yourself with a hcav’y load o*sr a &nort dis^'^ncs I* -s bomeomes 
essential to choose the first alter Jiative, because mere ic o nm t to tne loan 
agamst which the human muscles win contract ct -ai It s a-.bO a serial 
limitation imposed by the circmns^nces of slave kre * iiseet can 






keep slaves on the move Only freemen are capable of sustamed maximum 
effort While slaves were abundant the mechamcal mgenuity of the anaent 
world was mainly focused on devices of this sort, and what mechamcal 
prmaples were recogni^d as such were chiefly concerned with them 

The two broad generalizations of mechanics in the anaent world arose 
respecuvely on the one hand from the practice of architecture, navigation, 
^nd numng (stresses, bftmg stone blocks, cargoes, and ore), and on the other 
from imgation (water level) and assay The pnnaple of the lever and the 
pnnciple of buoyancy are both set forth m the works of Archimedes, and 
arcumsenbe the theoretical basis of mechanics in Alexandrian avilizatxon 
The bearing of the latter on other problems whidb arose m artillery warfare 
will be touched on m Chapter VIII The pnnaple of the lever, which can 
be used to measure the mechamod advantage of the “simple machines** 
referred to in last paragraph, in all probability emer^d directly from 
the piacttoe of waifeie Powerful catapults were first used m the campaigns 
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•piQ 160 — ^Two Wavs of Using the Lever Principijb 


of Alexander and became an important item of military equipment m the 
hands of his Roman successors Archimedes, who m addition to his 
other varied mechamcal mterests occupied part of his time m devising 
catapults,* was probably led to mvesngate the properties of levers to account 
for Aezr action 

^ Archimedes* part m the defence of Syracuse m 216-214 bc is described by 
Polybius m the foflowmg passage from his Htstones 

^*The city was strong • Taking advantage of this, Archimedes had constructed 
such defence * • that the garrison would have everything ar hand which they might 
require at any moment The attack was begun by Appius bringing his pent 

houses, and scalmg ladders, and attemptmg to fix the latter against that part of the 
wall which abuts on Hexapylus towards the east At the sbme time Adarcus Claudius 
Marcellas with sixty qumqueremes was making a descent upon Achradina Each of 
these vessels was full of men with bows and shags and lavelins On these double 

vessels, rowed by the outer oazs of each of the pair, they brought up under the walls 
some engmes called ^Sambucae’ [large scalmg ladders for use from ships! But 

Archimedes had constructed catapults to suit every range, and as the ships sailing 
up were still at a considerable distance, he wounded the enemy with stones and darts, 
from the tighter wound and longer engmes, as to harass and peiplex them to the last 
degree, and when these began to carry over their heads, he used smaller engmes 
graduated according to the range required from time to time As often too as they 

med to work their Sambucae, he had engmes ready all along the walls, not visible at 
other times, but which suddenly reared themselves above the wall from inside, when 
the moment for their use had come, and stretdied their beams fax over the battlements, 
some of them carrying stones weighing as much as ten talents, and others great masses 
of leacL So whenever the Sambucae were approaching these beams swung round on 
their pivot the required distance, and by means of a rope running through a pulley 
dropped the stone upon the Sambucae, with the tesqlt that it not only smashed the 
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Fig 167 — ^The Lever — ^Averaging Oxjt ehe Weight op the Beam 

The Law of the Lever states the distances from the fulcrum at which 
different weights must be attached if they are to balance The rule given by 
Archimedes is that the load is mversely proportional to the distance That is 
to say, two weights, W at a distance D, and zo^t^ distance d from the fulcrum 
balance when* WD = wd 

machine itself to pieces, but put the ship and all on board into the most serious danger* 
Other xnachmes whidh he mvented were directed against stomung paarties 
Against these he either shot stones big enough to drive the marines from the prow, 
or let down an iron hand swung on a chain, by which the man who guided the crane, 
having fastened on some part of the prow where he could get a hold, pressed down 
the lever of the machine inside the wall, and when he had thus lifted the prow and 
made the vessel rest upright on its stem, he festened the lever of his machme so that 
It could not be moved, and then suddenly sladkened the hand and chai n by means of a 
rope and pulley . Such was the end of the attempt at stormmg Syracuse by 
sea , , So tme it is that one man and one intellect, properly qualified for the par- 
ticular undertalong, is a host in itself « ** 

* In this equation all the quantities are positive It is, however, sometimes con- 
vement to represent oo-ordmates (i e distances with a sign attached) to the left of 
the pivot as negative, whilst those to the right are still considered positive (or vtce 
versa ) If t his is done, D will be a negative quantity, so that we must write the equation 
as — WX> «« tod TlKmgh the left-hand side of this equation has a negative 
attached, it is really positive The quantity vjd measures the turning-power of the 
weight tp, called rts moment, about the pivot In our e xamp le the moment is positive 
xf It to turn the beam clockwis e abo ut the pivot and negative if it tends to turn 
It aixti-dUickwise, so it is jevtdent that W D should be a negative quantity 
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A fatwiliar application of the principle in the everyday life of our own time 
IS the npe of scales used on railway stations for weighing luggage, or m 
hospitals and chemists’ shops for weighing the human body (Fig 166) Its 
bearmg on the catapult is inteiestmg, because it mvolves an important 
consequence w'hich was not fully grasped nil the displacement of human 
effort b\ machinery' made it necessary to measure wcnk We all know that 
practtcally no effort is reqmred to tilt the pans when two weights are balanced 
on a scale If die pulling pow’er or Force which youi own arm can exert is 
capable of raising a hundredweight, it can also balance a ton at the end of a 




1 


Fig 158— Weighing AIachine Based on the Principle of the Lever 


lever^ when the hand is apphed to the opposite end at twenty tunes the 
distance of the load from the fulcrum A neghgible additional effort is then 
required to jerk the load upvpards 

Not bemg concerned with machines which are driven without human 
effort, Archimedes did not recognize that his prmciple gives us a due to 
the right way of measuring work, so that we know when we are working 
economically If you think of one of the earliest mechanisms devised to 
facihtate human labour, you will see that the modem way of measuring 
work IS a matter of common sense The first Magdaleman tnari who drew a 
sledge, must have been fully aware that a day’s work could be reckoned by 
the pull exerted and the distance covered Using E for work, p for pull and 
h for distance, we should'isay ; 


E cscjc^ X A 



Wheel, Weight, and W atchspring 247 

If we call a tmit of work, work aone in travcismg a unit of distance v,irh a unit 
of pull 

p ph 

The La>v of the Lever tells us tial tnis way of uCc-'s^i.ng Ku-k m so .-lony 
lb wt and so many feet (foot pp'anco weigh.; .a saasfacters aj 

of measiirmg work ’^hen two Sv eights aj.e balaovec 

WD = wi 



isiG ij'j — T he Pulley 


It we now tilt the beam a htde, so that the small weight descend', .hiough 
/;, and the large ascends through H, Fig 153 shows that 

±_h 

D“H 

It foUowrs, therefore, that 

WH = toh 

1 e one load gams m power to do work to the same extent as the other loses 
power to do work 

So if we measure work by the product of the weight lifted and the distance 
covered, no work is done m tilting a lever when it is just balanced That 
we know this to be true shows that this is a satisfactory way of measunng 
the work of a machine as weU as the dajr’s work of Magdaleman man 

The same pnnaple can be apphed to another ancient device, balancmg 
weights by means of a pulley If a cord is suspended over a simple pulley 
showm m tihe left of Fig 169, two eqmvalent weights attached to its ends 
halatirg If a weight IS attached to the free end of the cord m a compound 
pulley like that shown on the nght» experiment shows that it will balance two 
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eqmvalent weights attached to the second pullej’' The pnnaple of the lever 
leads to the same conclusion as experiment If the smaller one (w) falls 
through a small distance + the pulley is raised through a distance + \h 
With the usual convention of signs^ it therefore falls through — JA If no 
work IS required, the total woik done in a small shift is 

— ]WA = 0 

w = JW 

Yet a third “simple machme ’ for getting the same task done m a more 
leisurely way without reducmg the total effort expended was the “screw and 
cogwheel,” the name of which is self-explanatory In a work which has 
come down to us m an Arabic translation. Hero, who was the most volu- 
minous wnnter on mechamcs m the Alexandrian age, descnbes a hypothetical 
combmation of lever and multiple puUey with screw and cogwheel for raismg 
weights How scant was the encouragement for mechamcal mgenmty m the 
modem sense is illustrated by another remarkable device which is descnbed 
m his Pneimiatica The expansion of an in a hollow altar dunng the sacrificial 
fire IS made to force water out of a closed vessel mto buckets The descent 
of the latter, when full, is used to puli open the doors of the temple where 
profane labour was preduded 


WEIGHT AND MASS 

Dunng the fifteenth century the elementary principles of balancmg 
weights as they had been expoxmded m the Alexandrian schools became 
known m Italy, especially through a treatise of Leonardo da Vmci, who 
descnbed his own experiments on ghders and a hypothetical man-^ven 
aeroplane What proved to be an important bndge between the mechamcs of 
the old world and modem saence was the extension of the Archimedean 
pnnaple to one of the oldest devices for producmg mechamcal advantage 
Stevinus of Brages, a quartermasto: m the army of Wilham of Orange, 
earned out experiments on the equihbnum of a load hanging vertically with 
a load resting on a smooth slope* Like Archimedes, Stevmus attempt^ im- 
successfully to improve the numeral system of his time, and like Archimedes 
he was speaally interested in the mechamcs of warfare and navigation He 
designed “machmes” for liffang the Dutch fishmg boats above high--water 
mark, and was an expert m the art of fi>rtification 

In applying the pnnaple of the lever to other situations, it is necessary 
to add a very important qualification, which has not been clearly stated 
so far* In all the cases we l^ve so &r considered, the body has moved m the 
direction in which the force apphed acts, either forwards, givmgposilwe work 
which we do ourselves, or backwards, giving n^atvoe work which is done for 
us For the sledge, the direction was horizontal, and for the lever and compound 
pulley, vertical If we roll a truck up several hills, we soon find out that more 
work IS needed to push it up a steep hiU than is needed to push it through 
the same distance up an easier slope* If we forget about j&icttonal resistance, 
the amount of work needed depends only on the total gain above the 

ongmal level 
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This suggests the law of balancing weights w^hen one {w) hangs vertically, 
and the other (W) rests on a smooth slope inclmed at a fixed angle (B) to 
the horizontal If the weight w descends through a vertical distance D m 
Fig 160, the weight W ascends through the same distance D along the mclined 
surface Smce sm B = A — D, its vertical dxsplacenient A = D sm B If 
we measure the work done oiz W m rising through the vertical distance h 
and the work done by wm faUmg through the vertical distance D as we have 
done m the treatment of the lever and pulle> (i e by the products of the 



Fig 160 — ^Rest (Balance of Two Opposed Motions) on the Inclined Plane 

The Law of the Inclined Plane is that if a weight found to be to times some s^dard 
weight by the balance when hangmg vertically just supports a weight W times the same 
standard lymg on an mclmed surtace of elevauon B, 

ty = W sm B 
or 

Weight hangmg vemcally ^ 3 

Balanced weight on slope 


waghts and their corresponding vertical displacements) the total work done 
by both weights is — WA + wD. So if no work is done m shifting them when 
the weights are balanced 

— WA 4- wl> = 0 
WA== wD 
WD sm B = toD 

0 s: W sm B 
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According to this the weight required to balance a 10 lb load lesting on 
an inclined plane of 30°, when it hangs \ertically is 

iU X sm 30° == 10 X 0 5 lb 

1 e 5 lb If the angle of the sloping surface is 45° the weight required is 
10 X sm 15° = 10 X 0 707 lb. 

1 e 3 ust over 7 lb The hypothesi& is evidently true at the limits 1' the slope 
IS 90° the system is equivalent to the simple pulley of Fig 159, and ti e 
weight required is 

10 X sm 90° = 10 lb 

The law of the mchned plane raised a distinction which had never been 
clearly disentangled m the mechames of anuquitv For the purposes of 
metallurgy or merchandise, two weights are eqmvalent when they balance 
one another on a pair of scales, 1 e when they are in equivalent positions 
relative to the fulcrum As far as their puUmg power is concerned they are 
only equivalent when this condition is realized. In speaking of weights, we 
must therefore distmguish between mass — ^which we “weigh” on a pair of 
scales — and pulling power or force which depends on something else * The 
mechames of antiquity stopped short at identdpng this something ehe with 
the position m which a body was placed when it balanced another body at 
rest This provided a satisfactory explanation of what you need to know m 
designmg the best Archimedean catapult It did not throw any hght on the 
propellmg power behind a cannon ball, or the pull of the earth^s magnetism 
on the marmer^s compass needle In Alexandnan mechames pulling power 
or force always implied some tangible link, a common surface on which two 
weights rested, or a string connecting them The phenomena of magnetism, 
as set forth m Gilbert’s De Magnete (1600), defied all the accepted conventions 
Here was pulhng power with no support and no attachment 

FORCE AND MOTION 

The experiments of Stevmus suggested the clue to a new technique of 
measurement Besides bemg able to balance another weight at rest m virtue 
of Its mass and position, a weight can also generate motion, as when a load 
attached to a cord wound about the axle of a wheel is allowed to descend 
We all know that we shde down a slope more quickly if it is steep, that is, 
the weight of our bodies can generate more motion if the angle of descent is 
mcreased So, too, the balancmg power of a weight also mcreases if the 
elevation of the slope on which it rests is mcreased Hence the prmaple of 
the mclmed plane suggests two new possibilities. One is that the pullmg 
power of a load m different positions simply depends on the fact tibat its 
power to generate motion also depends on its position. The other is that two 
weights balance when their power to generate motion is equally great and 
IS exerased m opposite dite^ons The obstacle to pursuing this plausible 
due in the sixteenth century was the feet that no one had yet attempted to 
measure the way m which things fall. According to the Aristotelian world 

* Sec also p 29S 
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outlook^ rest v^as the nJe and motion an e’s:ceptional state of affairs The 
r*iemati\ e view that rest is oulv motion at a deadlock had httle to commend 
It in the ancient vt oi^d Before the introductioii of gimpott der there was no 
pressmg social necessity to compel anyone to make exact measurements of 
the rates at which bones fall 

Indeed^ it is not lil'cl3’‘ that Anstoue’s doctrme would ha%e been contested, 
if range-findmg had not come to tne nd of curiosity m an age when the fate of 
a new civilizalion depended on a new technique of war Anstotle had taught 
that a “body is heavier than another which in an equal bulk mo\es downward 
more quickly ” The behef that the vertical motion of a body is proportional 
to its density (mass per umt volume) is not intiinsicallv unlikeh Our common 
experience of fallmg obrects seems to confirm it Wc can see leaves falling 
from a tree, or a cup fallmg when it leaves our hand, but we cannot see a 
cannon ball m its course We have blown up paper bags or toy balloons as 
children, and bladders inflated with air were part of the medieval jester’s 
equipment The behaviour of all these familiar objects seems to agree with 
Aristotle’s teaching, and the simple discovery’ which enabled Galileo to lay 
tne foundations of scientific artilieiy therefore ranlts as one of the most 
darmg achievements m saence 

Apart from the last passf»ge c-ted, Aristotle had not committed himself 
to any very defimt-e statement about the waj^ m which thin gs fall His dis- 
cussion of physical problems, like his pohtical philosophy, is mainly con- 
cerned with justifying, defending, and makmg a lawyer’s case m favour of, 
the world as it is In his doctrine of the state every mdividual had a fixed 
social class which was nght and proper m the nature of thin gs In his natural 
philosophy every matenal object also had its proper place, and if it got out of 
Its proper place, nature personified as the strong arm of the law put it back 
sooner or later. Unhappily for his influence as a philosopher Aristotle com- 
xmtted himself to one assertion whidi is easy to test by droppmg a cannon 
ball and a croquet ball of the same size firom the top of a buildmg Although 
It IS obviously true that some very hght things like toy balloons and some 
objects wnth a large surface relative to bulk, like feathers, leaves, or wood 
cut m fine shavmgs, do fall more slowly than cannon balls, it is also true 
that most compact objects &11 from the same height in approximately the 
same time That this is so within wide limits of relative heavmess was the 
surpnsmg new truth which Galileo estabhshed 

Mach says that Galileo’s outlook was essentially modem, because he 
asked how thmgs fall mstead of why they fall There is nothing specifically 
modem in this except in so far as the ceremomal and pnestly outlook is 
losmg ground, while the attitude of the artisan exercises an mcreasmg influ- 
ence on our soaal culture Galileo was modem only because he w^ work- 
manlike The history of saence has been a long struggle between the same 
two conflictmg mclinations Pnestly and ceremomal speculation is content 
to reflect on the world, or attempts to propitiate an unseen supposititious 
purpose m things personified expliady as deities or impliatly in the “explana- 
tions” of the unofficial theologians who teach philosophy. If you follow to 
Its logical conclusion Aristotle’s doctnne that everything has a place to which 
It bekmgs you end m an act of special creation. Any questioii which begins 
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With why leads you back to an assumed design by an mdividual who cannot 
be identified but may possibly be bnbed* The amsan or techmaan looks 
at thmgs as they are, and finds out how they can be changed m accordance 
with human needs The influence of their world view expands as the satis- 
faction of man’s common needs becomes the common busmess of mankmd 
A workmanlike or truly saentific explanation gives you a reape for domg 
some thin g The distinction between a real or saentific explanation and a 
philosophical one is easier to see nowadays because few people beheve that 
prayer can control meteorological events So long as they ^d, teleological 
“explanations*’ were mtelhgible 

A cannon ball or a croquet ball dropped firom the top of a three-story 
building, say 36 feet high, reaches the ground m about a second and a half. 
Even fimm the top of the highest New York skyscraper the drop would be 
over inside mne seconds It goes without saymg that direct measurement 
of how bodies fall vertically cannot be prease, unless there are very good 
recordmg instruments to use. Stop-watches, electric signals, metronomes, 
kymographs (Fig 196), had not been mvented m Gahleo’s day He had to 
tackle the problem by an mdirect method which mvolved two kmds of 
measurement He first established a simple rule connecting the distance {d) 
traversed and the time of the descent of a ball (see Figs. 161 and 162) 
on a smooth gentle-sloping surface Then he sought for a rule connecting 
the time taken to traverse a given distance with the angle at which the surface 
IS tdted The limiting angle is 90®, when the ball falls vertically 

The time taken for a ball to descend from different levels on a gently 
mdmed sur&ce is not difficult to measure Having no stop-watch, Galileo 
let water dnp steadily mto a vessel during the mterval occupi^ by the descent, 
and weighed the water to get an estimate of the time. A table of results 
obtamed m an experiment of this kmd discloses a simple numerical rule 
which 18 at once recognized when a graph of the distances traversed and 
time taken is plotted The graph answers to the textbook parabola y = 
and an examination of the figures shows that the ratio of the distance traversed 
to the square of the time taken is fixed, i.e 

i=k or 

If we now look at the motion of the ball fiom a different pomt of view, 
there is more m this than meets the eye at a iSrst glance. Galileo did so He 
mttoduced what is now a &miliaz but was then an entirely novel catenon of 
motion Crude estunates of speed (or vdoexty as we shall now say when 
peaking of motion m a particular direction along a straight course) had 
probably been made fiom the first espenence of travel, route marches, and 
pubhc games. Hitherto there had been no occasion to measure how motion 
grows Galileo adopted the modem m^isure of acceleration, os velocity gamed 
m umt time. There is no longer an unusual flavour in the word, thot^ we 
shall see later that it is used loosdy m everyday speech and that the terms 
speed and vdoaty, used mterchangeably when we are descnbmg motion 
m a straight path, have to be restneted when we are motion 
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round a bend For the present we need only concern ourselves with the 
ordinary use of the term If the speedometer readmg of a car mcreases 
steadily dunng 10 seconds of a straight course from 30 miles per hour 





Fig 161 — \ Smooth Ball Running Down a Very Smooth Slope at 30® 

Under Gravity 

If acceleianon is constant, the acceleration calculated from the formula d ~ 
will be the same whether the distance (d) fallen is large or small The figures m the 
horizontal row give the total mteival of time from the start at each 10-foot stage 
in a 50-foot journey The results tabulated as follows give a numerical illustranon 
of the reasonmg m the text The velocity gained per second, i e the acceleration, 
at difrerent stages m the descent is given to the nearest unit, and does not vary 
consistently m either direction from an approximately constant figure of 16 

Dis- 
tance Velocity 

m Time m Veloaty at Velocity m gamed per 

Feet secs time gained ume second 


0 

10 

20 

30 

40 

50 



10 

1 12-0 
10 

1 68-1 12 
10 

1 94-J 68 

10 

2 24-1 94 

10 

2 60-2 24 


8 93 

21 74 

27 7 ^ 

83 33 

38 46 


i(l 12+0) 
= 0 50 


4(1 58+1 12) 
= 1 3a 


4(1 04+1 58) 
«=1 70 


4(2 24+1 94) 
-<*2 09 


4(2 50+2 24) 
**2 87 


,(21 74- 8 03) 
=^12 81 


} (27 78-21 
= 6 04 


1(33 33-27 78) 
r -5 55 


(38 46-33»33) 
13 


(1 35-0 56) 12 81-0 79 
70 «16 


(1 7b-l 35) 6 04-0 41 

= 0 41 -16 


(2 UO-1 70) 5 65-0 33 

«0 S3 -17 


(2 87-2 09) 6 13-0 28 

-0 28 -18 


(or 44 feet per second) to 46 miles per hour (or 66 feet per second) it has 
gamed in vdooty 22 ^t per second in 10 seconds or 2 2 feet pa second 
m 1 second. Its mean acceleration is + 2 2 fea pa second pa second. 



254 Science for the Citizen 


If the reading falls from 4o to 30 miles per hour^ it has loU 2 2 feet per 
second m one second Its mean accclerauon is — 2 2 feet per second pei 
second * 

If a thmg moves with a changmg veloaty, its mean velocity is the iSxed 
velocity at which it would have to move m order to cover the same distance 
(d) m the same time (0 Thus its mean veloaty is d — ^ If it gams the same 
veloaty m equal mtervals of time^ this is half the sum of its imiial and final 
velocities So if it starts from rest (i e zero velocity) and has leachcd a 
velocity V at the end of i seconds, this is ^(0 -\- v) = Iv 




The fina l velocity 0 is then the velocity it has gamed m the time t Smee its 
acceleration (a) is the velocity gamed in one second, 

2d 


If It moves fixim rest with a constant accelerattofiy the ratio of the distaace to 
the square of the tune taken is therefore fiixed Galileo’s experiments showed 
that when a ball rolls down a smooth slope, the traversed bears a 

fixed ratio to the square of the time occupied by the descent They therefore 
showed that the ball rolls down the slope with a constant acceleration 
So long as the slope is the same, this fe true within wide limits for the 
acoderation of balls of different weights and densities The next js to 

* “Per second per second’* le often wntten *^p«r 
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find ho\v S‘ope3 i e tlie aii5ta I which the surface make*; with the hori- 
zontal^ j^Tects tne acceleration This aone by ’;?rvinf the slope and 
ineasur-*ng the ii-^ne tal^en u?* verse a fi'^ed dis^rrce We get a clue to the 
kind of relation wh^ch t usts from the foci’ a 0‘"^d\ moves most qmcklv^ 
when It falls straight do ’sii e Z' — 0* and ^enains .till when the surface 
IS quite flat e t = 0''^ So uxQ acceleration aeper^ 3 on something aoout 
an angle vvhicn is greatest 'VrUen tl*e cnglc 9u% and is zero when the angle 
icsclf is zero This lo true of the sine of an angle^^ and e^pemnent sho%vs that 
the accejeration is dtrccdv proportional to sine the angle of slope^ 1 e, 

a 'X sm t 

Oi. pu'ting -4 ♦n tic \ -m ct c*. eq-.r ion 1 j ^ a constant 


2” s.. r T c s - '*1 .e acc. cr^dri. is a* -.oumatel^ 

1(3 ucet per seer c c— ecc.n^^ e .c ^c-ccat> "uong the slope increases 
eve*'^ ccco-^d 0 semna Sr 

-srs ^ jCl do* 

d = J 1 

5 = d2 ,^appi OTmuLtei^* ' 

Smee sm -tu = O T<*7j ^f the dope were 4*1'' the acceleiation would be 
32 X 0 707 == 22 6 feet per second per second 
If the angle ?y is * tne body falls vertically (Fig ^^3), and since sm iM P = 1 

le g lb, the ar’celoiation with which a heavy bodv falls mrlicflh Galileo 
showed this was so by flndmg the time taken by hea'^w obiects to lad from 
the top of a tower to test the role in the liimtmg case The acceleration can 
be found as before by usmg the rule 

2d 

^ f 2 

So if the rule holds goo»i, when d is the verucal height of the tower, and / 
the tune betw^een dropping the body and seeing it strike the ground, 

2d 

d =- \gt^ 

== 16^ (approximately) 

Thus a pebble dr opped from the top of a lighthouse 100 feet high would 

strike the water V 100 — 16 = 2^ seconds later* 

In this way Galileo established two conclusions which Newton used m his 
theory of universal gravitation the first, called the law of terrestrial grtwtta- 
turn, IS that when bodies fall vertically (1 e along the plumb line which pomts 
towards the centre of the earth) they move with a constant acceleration Near 
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the earth’s surface this is approximately 32 feet per sec ® In air it is inde- 
pendent of mass or density withm wide hmits The second conclusion is that 



I 


Fig, 163 — Motion Down an Inclined Plane 



The law of Motion is 

Acceleration (A) along slope 
Acceleration (a) of free vertical fall 


sm b 


The law of rest (Fig 160 ) is 


Hence 


Vertically suspended mass (m) 
Balanced mass on slope (M) 

A — a w — M 
MA *= ma 


or, in this case, MA ** tng 

Thus the pulling powers exerted by two masses m different situations are equal when 
the product of one mass and the acceleration with which it would move if not con- 
strained by the second is the same as the product of the second mass and the accelera- 
tion with which It would move if it were not posed against the first 


the law of equilibnum of solid bodies at r^t is only another way of stating 
the same law of motion The mechanics of antiquity had shown that equih^ 
bnum of sohd bodies at rest involves (p 250) position as well as mass* The 
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inclmed plane saggested that this might be due to the fact that m dijaferent 
positions heavy bodies do not always have the same power to generate motion 
Galileo’s experiments show us how the posiaon of a body affects its motion, 
when It IS displaced The law which describes how" weights balance one 
another when one of mass M rests on a smooth slope at an inclination b to 
the ground level, and the other of mass m hangs teitically, may be written 


The law of motion dow^n a smooth slope is 

a , 

— sm & 

g 

Comparing betn^ ns sc^ 

fh __ a 

M” 7 

= Ml 

Thus our first suspicion is correct Two iOcds brlacce cn r smooth Pat 
slope when the product of the mass of one and tne mctxon it woiud generate 
if released is the same as the product of the mass of the o^her and tne motion 
it would generate if released In other words, the> remain at rest because 
ihetr power to generate motion ts equal and oppoiiU Hence the mass-accelera- 
tion product is a way of measurmg the pulling power (F) of a load, i e 
F == a If one body is fallmg with a smaller acceleration than another 
It has less effective pulling power, unless its mass is proportionately larger 
To hold a greater mass of one demands a greater mobdity of the other 
Thus a force has two aspects, one acceleration which measures the mobility 
of an object, the other mass w^ch measures its sluggishness or inertia 

To measure forces by the mass-acceleration product we have now to 
agree about the measurement of mass and of acceleration X^Tien the umt of 
mass IS 1 lb, the unit of distance 1 foot, and the umt of time 1 second, the 
umt of force is called the poundal^ i e one potindal is the force required to 
impart an acceleration of 1 foot per second per second to a mass of 1 lb 
The force exerted by a 1 lb ^‘weight” falling tmder gravity or the force 
reqmred to prevent a pound ‘‘weight” from fallmg imder gravity near the 
earth’s surface is approximately 82 poundals Smee g = 32 (approximately), 
w = A lb, when mg = 1 Hence one poundal is the pulling power of a 
half ounce weight when suspended m a vertical position It is therefore the 
p ulling power of a spring balance when the scale readmg is | 02 

In the international metnc system based on the reports originally drawn 
up by the French Academy for the National Assembly of the French Revolu- 
tion, the umts of mass and length are respectively the gram and the metre 
The former is convemently chosen as the mass of 1 cubic centimetre of 
vrater .at 4"^ C (i e the density of water m grams per c c, is 1 at this tem- 
perature, when its density is greatest). The umt of force, the dyne, is the 
pulling power which catfiinake 1 gram move with an acceleration of 1 cm per 
second per second Since 1 British foot = 30 48 cm , and 1 British pound 

1 
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= 453 6 grams, 1 potindal is eqm>;^alent to 30 48 X 453 0 == 13,820 dynes 
Smce 32 feet — 975 cm , 1 gram hangmg vertically exerts a pull of 975 dynes, 
and 1 lb exerts a pull of 975 x 453 6 = 442,260 dynes at a place where the 
value of g IS exactly 32 feet per second per second We shall see later that the 
value of g IS generally a httle larger than 32 feet per second per second, and 
also varies a httle with latitude and altitude, being at sea-level 32 09 feet or 
078 cm per second p>er second on the equator and 32 26 feet or 983 cm 
per second per second at the North Pole Fifteen miles above sea-level at the 
equator, it is about 30 M feet or 941 cm pei second per second 

Before we go on, four simple rules which connect time, distance m a 
straight path, \cloaty, and acceleration when the accelerauon is constant, 
should be committed to memory, so that you recognize them at once, when 
jou come across them in what follows They are as follows 

(1) If an object moves through a distance d mu tune i with a velocity z?, 
smce V — d - 

Vi 

(2) If an object is movmg with a vcloaty at the begmmng of an mterval 
of time t and is movmg with a veloaty at the end of it, its mean veloaty, 
which is the veloaty with which it is movmg half-way through the tune 
mterval, is l(pa + and the distance traversed m the mterval t is the same 
as if It moved at its mean veloaty throughout the whole of it, i.e 

d = Kvg v^)t 

(3) If an object gams a veloaty a feet per second m each second, a is its 
acceleration, and it will have mcreased its veloaty by af m i seconds If its 
veloaty was at the begummg of the interval i its veloaty ai the end of it 
will be Va + aiy so that its mean veloaty is ^[va + (Va + ai)] = Va + \aU 
and the distance moved duimg the intend by rule (2) is (pa + \at)t If the 
object starts from rest, so that Va == 0, 

d == (or a = 2d — t*) 

(4) The fourth rule which has not been used so far is illustrated m Fig 164 
and explained m the legend If an object moves with a veloaty v and an 
acceleration a along a hne (AC m the l^ure) mdmed at an angle 6 to a second 
line (AB), an observer, who keeps his "eye at right angles to the second Ime, 
watching its progress dong the latter will see it move with a veloaty z? cos 6 
and an acceleration a cos & If is the acceleration referred to a Ime inclined 
at b to the path along which an object moves with acceleration a, 

gg ^ g cos & 

The first, third, and fourth should be memorized and tested with the aid of 
numencal illustrations and scale diagrams like Fig, 164. The veloaty formulae 
should be tested from the numened data m the boat diagram of Fig. 167 

The last rule throws a new hght on the measurement of force if we put 
It m a more active form. The same source of motive power which propels a 
body with an acceleration a m one hne gives it an acceleration a cos h fllpn g 
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Fig 164 — ^Triangle of Velocoties and Accelerations 


This illustrates the rule that if a body moves with a velocity t; or an acceleration a 
along a straight path» its velocity vx and its acceleraaon ax ^ong a line of reference 
inclined at an angle h to the path can be found by using the formulae 

cos h 
Ox ^ a cos b 

The object shown moves from rest at A with an acceleration a (here 26) feet per 
second per second for t (here 2) seconds along AC Its motion referred to the Ime 
AB IS its motion as it would be seen by an observer looking along a Ime at right angles 
to AB at each stage m its course This would be equivalent to watching its shadow 
projected on a ground glass screen at AB with a beam at right angles to the screen 
Thus AB, AC, and the observer’s sight line form a succession of nght-angled triangles 
m which cos b «=» AB — AC Its acceleratton along AC is 2AC — r*, and its acceleration 
(a®) along AB is 2AB - Hence - a « (2AB - r») - (2AC - r») « AB -- AG 
^ 008 6 At the end of t seconds its veloaty (p) along AC is at and its velocity ivm) 
along AB is Hence — oos t Along the line at nght angles to 

AB, BC, mdined at 90® — 6 to AC the acceleratioa(i*y) is a cos't^O® — 6) a sm 
and similarly vy v sm In the figure the ratio of the sides of the triangle is 6 4 3, 
so t^t cos 0 S and sin »" 0 6. The figure is approxixnate m the diagram 

More exactly it is a/F 
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a line mclmed at h to the other If a body falls freely under gravity with an 
acceleration its acceleranon relative to a slope at h to its vertical line of 
fall (or c = (90® — V) to the ground) is g cos ^ or ^ sin c (since sm (90® — }>) 
= cos fc) So Its acceleration when moving down a smooth slope is the accelera- 
tion referred to the same hne of motion by the same motive power which 

tha. bclL rcuitxvc 
to iJze^ shypc 




Fig, 165 — Motion Down the Inclined Plane as Feee Vertical Motion Resolved 

Along the Plane 

When a body falls vertically through a distance d J^t®) its acceleration (g) under 
gravity is 2d — £* An observer (O) watching its progress along a line inclined at b 
to the vertical (or c « 90® — 5 to the ground) would see it move through x ^ d cos b 
with an acceleration 2x — t* ^ g cos ^ or g sin c This is the value to which actual 
acceleration down the slope approximates when friction is neghgible, and hence its 
acceleratton downithe slope is equivalent to its acceleration when failing vertically 
resolved along its path 

imparts an acceleration g m the vertical direction. The law of terrestrial 
gravitation may therefore be put in another way by saymg that the mobility 
of falling bodies can be attributed to the -same motive power which puUs 
them m the same lane of action with a force propomoi^ to their masses. 
Thus the force of gravity acting on a weight of M lb is,32M poundala^ and 
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a force of 1 lb weight i e t'te force with wmcb a pound weight is pulled 
earthwarc vhcn it rrngs f^oti 3 rprjcg 32 poundals 

The \iew to winch GoLileu’s e^pcimient^ led therefore reduced Aristotle’s 
logic to an absurdir If the s^ne e er p JI 2 ell matcnal bodies near 
the eartn’s surface in the a *ccncn of Jhe pluml line, 1 e the earths s 

centre^ the place to ^^hich aii oodies ‘^belong” is the centre of the earth It 
IS difficult to see horv there cen be enough rcom foi them Consequentl\ 
there is no mtelhgible mermng m tne question wnere does a bod\ “belong'’^ 
The only question io^ nmch we can hope to find an answer is how do 
bodies actually beha^e^ Tins we can only aisco\er observing them^ 
making theories about how one oo^erxation *s connected w*th another^ and 
then testing them to see whether they are ngot 

THE PATH OF THE CANNON 2ALL 

ArtiUery was at first used more to dectio^ the enems "s morale than for 
the material destruction it produced To be edecti^x m the latter sense it was 
necessary to know how to hit the objective Accuracy of aim demanded a 
theoretical basis Galileo’s law of falling bodies pioviaed it with one A 
cannon ball when fixed mto the air has two movements One results from 
the explosion^ givmg it an mitial velocity m a certain direction dependmg 
on the angle w^bich the muzzle makes with the horizon The other movement 
IS due to the fact that gravitation is pulling the projectile vertically down- 
wardsj so that it tends to gather veloaty towards the earth The result is 
that It travels along a curved path The theory of the pendulum clockj» and 
wath it that of the earth’s orbital motion, depends upon understandmg how 
movement m one direction can be represented as the result of movement m 
two other directions 

It IS so natural to spht a compheated form of movement mto simpler 
components that you may not have realized that we have done so already 
The desenpuon of the sun’s apparent course m the heavens as a diurnal 
rotation m a plane parallel to the equmoctial and an annual retreat m the 
echptic IS a purely arbitrary tnck to assist us (Fig 166) m foUowmg its 
contmuous apparent track through a closely wound closed spiral The same 
tnck was suggested by the practice of navigation m another way To reach 
a destination when rowing or sailing m a steady current, you have to keep 
the boat’s prow tilted away from the direct line of approach m the direction 
opposite to the current (Fig 164) The veloaty of currents is easy to measure 
by the progress of corks fioatmg away &om a vessel at anchor, and expenence 
gives you a fairly good estimate of your average working veloaty when rowing 
m still water 

To find your progress along the actual Ime of approach you have only 
to lay off the distance (AJB) a cork would drift with the current, and the 
distance (BC) you would move in still water during the same mterval of tune 
along the directton of the boat’s ATfis These two lines form the sides of a 
triangle of which the third (AC) is the distance covered m the same time along 
the actual path of motion, or, what comes to the same thing, the two adjacent 
Sides of a parallelogram whose diagonal through •A. gives the d istanc e of the 
actual path* If the interval of time is one unit, and the veloaty is fixed, the 
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component and resultant distances are numerically the same as the correspond- 
mg velociues The same construction holds for accelerations Smce 
d = \at^ == \a when ^ == i e one umt of time after the motion starts, 
accelerations arc directly proportional to distances traversed m eqmvalent 
time mtervals from rest 

In dealmg with several simultaneous movements it is much better to 


1Z 



S 

Fig 166 — Sun’s Apparent Motion in the Celestial Sphere 

The stm’s apparent motion m the celestial sphere is continuous Though we it 
convenient to think of it as two separate motions, a diurnal rotation westwards over 
the horizon, and an a n nua l retreat eastwards, a quick motion picture would reveal it 
as movement m a closed spiral with 365 turns A closed spiral of five turns as here 
shown to simplify the issue The figure would represent a contmuous tableau of the 
sun s appa^t mouon through a year, if the earth took 73 of our days to complete a 
single revolution about its axis 

follow the nautical plan by keeping a separate hala nce sheet of eastward 
Cposinve), westward (negative), or northward (positive), southward (negative), 
bearings, as explained in Figs 168 and 169 The map method is really, as it 
IS historically, the same t hing as the graphical method of representing a 
movement, i*c so many ^measurements and so many n eons y-* 

measurements. AU you have todoistoaddupallthe east-west beatings 
or x-measurements and all the north-south bearings or jt'-measurements to 
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Fig 167 — ^Dissigjion or Co i?-r wcvr-'^i^vr 
During an interval r (here 3 sccon'is) tae neat c*" "Lien \e cc’^ -lii r*:lcrs 

per hour (17 feet per seconc) mroagh a distance fee^ a stra^^'i*' cmal, 

the man moves stra.gh'*- across ti^e dec ” 4 feet ^ c n* 1 e^cc tn C* rzi^t pt r 
hour f4 feet pej. second^ Relai-vc to an oc^e^^’^r armies to tre -^e ""he 

man appears lo pursue a steaay path v tn a i. -= AC — * ScLce \C ^ 

CD* -t- AD* 

/'ACs- _ 'AD - 

\ t ) ^ . t ^ t . 

So if we call the man’s \elocity reian\e to the budge c = CD — r and ms ven c n 
relame to the banic ~ AD — t 

f, ty -4- t?* 

His resultant veloat> along the actual path whicn he pur sues m s pace (shown m an 
air photograph with the boat blacked out) is theretore \ U 144, or approximately 
12 J miles per hour Smee tan h == CD AD = 3 — 12 or 0 26, the mclination of his 
patii to the bank is the angle whose tangent is 0 26, approximately 1 1*^ from tables of 
tangents Knowmg the angle we could deduce his velocity relative to the bank (boat’s 
motion) and to the bridge (his own) from the cmema record taken from the air, from 
the feet that he moves through CD relative to the bndge and AD relative to the bank 
durmg the time taken to move AC with his resultant velocity v Smee cos h ^ AD 
— AC =* (AD — r) — (AC ~ r), cos h « »andi;;r ~ v cosb Similarly Vp « t;sm 6 



Fxo, 168 . — ^Relatxvb Motion in the Same Stoaight Line 

Distances traversed m the same time and hence velocities or accelerations can be added 
or subtracted acwrdmg to direction In the figure the resultant motion of the man 
relative to the bank is4 — 2i— 3«=--lJ miles per hour using the posiuve sign 
for moticai left to tight 
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get the X and y measurements (E-W and N-S beanngs) of the resultmg 
path If all the distances m a chan of this kmd correspond to the same umt of 
ume^the final result does equally for veloaty or acceleration, smee the veloaty 
of a movmg object after moving for t umts of time from lest is proportional 
to the distance through which it has moved, and this is also proportional to 
the velocity it has gamed, 1 e its acceleration If the time mterval from rest 
is 1 umt, velocity and acceleration are lepresented bj' the same number of 
umts and the number of umts of distance covered is half as great 



Fig 169 — Graphigal Represektation of Composite Motion 


In the graphical method of makmg a scale diagram to find the direction or magmtude 
of the resultant of several mdependent motions, we make use of the fact that motions 
along the same straight line are additive with due regard to sign Each component 
motion IS therefore split up mto two at right angles like the N-S O measurements) 
and E-W {x measurements) beanngs of a ship’s moving course (which suggested the 
graphical method m the age when maps m latitude and longitude were first used 
extensively) We then add up (with due regard to sign) all the northerly and all the 
westerly items m the separate balance sheets of beanngs, keepmg the positive sign for 
the direction from S to N or from W to E and the negative sign for the converse 

For example m (a), the motion OP can be spht up mto x and y , and the motion OQ 
split up mto X and Y, Then by adding the E-W beanngs together and the N-S 
beanngs together we are able to find the direction and magmtude of the resultant 
velocity OR 

Case (p) is similar, exc^t that two of the beanngs happen to be negative 

In practice you wilj usually find it simpler to work m distances and use 
the graphical method of dissection which we shall first apply to an analogous 
but more pacific problem than the one which exercised Galileo. When a 
mail bag is dropp^ from an aeroplane it executes a path like a jet of water 
project^ horizontally from a hose, the reason being the same. Its own 
mertia m virtue of the motion of the plane, which we shall assume to be 
moving parallel to the ground, gives it a drift forwards as it falls So in order 
to know where to let go if it is to reach its proper destination it is necessary 
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to drop It before the aeicpla^ie is dircct.\ Oser its destination^ and to be able 
to calculate the distance bet^ een the of the aeroplane at the correct 

time of droppmg the mad bag and a pomt dxrectty aPo^e the place where the 
bag IS suppcsea to land 

The graphical representation of tne descent cf a maju bag dropped from an 
aeroplane mo'nng horizontally with a telocit^ t at a heignt h in Fig 170 is 
made by combining the prmciple of inertia ritn wnat we know about the 
vvzy m w^hich bodies fall If the aeiop’jne ^.^ 0 ^ Co threugn x feet in t seconds^ 
x = The mail bag would conurae .c tio\e m this w i\ if its motion were 



, ! \ 

t t — > ^ * 

i;:o 3x^ 


Fig 170 — ^Descent of a AIail Bag from an Aeroplane Crotsii^g at 60 Miles 
Per Hour at a Height of 040 Feet Above Ground 

Air resistance is neglected, if the speed of the ’plane is not very great* 

not also affected by gravity While it is movmg through vt feet m the 
horizontal direction m virtue of its mertia, it is also droppmg through a 
vertical height d = Igt^ under gravity If it sinks to a height while it 
moves forwards through a distance you will see from the figure that 

yi=h — d 
= A — 

And since x = vt. 



I* 


and 
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■When the mail bag reaches the giound j; = U a s». 



"Dvsbaixicc ^ 2 -'-u s'3.0 

I Z 



Tbis IS calculated for a muzzle velocity of 116 feet per second at an elevation oi 


The numencal dimensions of the figure correspond to the course of a mail 
bag dropped firom an aeroplane cruismg 640 feet above ground at 60 miles per 
hour (88 feet per second). Hence the horizontal distance which it travels 
befere it reaches the ground is 

SSVl^SO — 32 ^ 656 ffeet (approxunatdy). 

That IS to say, the bag mi^ be dropped when the aeroplane has still to travel 
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55G feet oefore it it duectlj abo^ e the place of delivery The points on the 
cun^c are plotted fro^n tiie v»hi<: fa corresponds to part of a parabola 

Tie Connor b'L .em GaL^eo tedded :s identical \^ith that m 

wlrci^ tbe aerori-'O'' a it the If the ball leaves 

the gi^ td n cl rj!^ z *1 v move throogti a distance 

d = Z' reccd. P *r beccnco nc^ pull *t eartht^ord It t^ould 

then be le^t rcc-^c o'c *^n3 n ^gh.. lo «*‘r^cn xt has fallen 

meanv^hre The ^eignt t rad^ m if se^ond^ -s therefore h — >*, 

and 


The figure sne*^ s 

=“ S’C a 
~ Z d — '’j't" 

The horizontal displaccnae i: olcn^ die ^ o’ns during ue first ? seconds is 
X = vt cos oo tnc* ^ = \ — v jo^ ui If r e pnt tln3 for / ui Lce ia»t expres- 
sion for 

* «’:n j g ^ 

CO. u 2z^ s-oz“ ^ ' 

When the ball reaches the gicund = 0, co mot 


sin a cos a 

Since sin 2a == 2 sm a cos 2 

sin Pa 

\ 

This gives the range of the cannon ball To get the maximum height, sub- 
stitute half this value of x in the ongmal formula for 

In applymg the law of terresmal gravitauon to the range of the cannon 
ball, Galileo was the first to use the prmciple of ineraa The obvious limita- 
tions of this law did not escape his attennon and his confidence m applymg 
It was based on simple considerations Since wood shavmgs fall slowly, while 
a wooden ball falls from the same height m approximately the same time as 
a cannon ball, we can conclude that air resistance does not make much 
difference to the movement of compact solid bodies Newton showed that a 
com and a feather keep pace m a long cylmder from which all the air has been 
pumped out, when the cylmder is turned upside down He thus concluded 
that the presence of air is the only circumstance which limits the rule that all 
bodies fall to earth with the same acceleration That air itself is pulled earth- 
ward IS shown by the very existence of the atmosphere, and we see later 
(Chapter VIII) that the behaviour of balloons is no exception to the more 
general law that all matter falls earthward with the same acceleration at the 
same place in a vacuum We now know that air friction mcreases enormously 
at very high speeds So it cannot be neglected m the practice of modem 
mtdkry Calculations which gave a tolerable preasion when apphed to the 
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slow-moving ^short-range projectiles of Galileo’s time would lead to grossly 
maccurate conclusions about the shells used m warfare today When Big 
Bertha shelled Pans at a distance of 76 miles with shells nsmg to a height of 
24 miles and a muzzle velocity of 1 mile a second, its actual range and the 
height of projection were just less than half the figures calculated by the 
method shown m Fig 171 

Apart from the big resistance of the air when modem projectiles are fired 
at very high speeds, the method Galileo used would not be correct for another 


d 


O ‘'D ^ CO wO tCu ISO 2 Jo LoO 

Fig 172 — ^AiR Fbichon akd Range of Projectile 
Neglecting air resistance and gravity the projectile would reach Q in r seconds travelling 
with velocity v at 56 to the ground 

Neglecting air resistance only the distance travelled before hitting the ground is 
given by 

* = (seep 267) 

8 

This calculation would be stnctly true m a vacuum, where there is no atr resistance 
In real life there is considerable faction in the passage of the projectile through the 
air Experiment shows that the factional resistance of the air mcreases with the 
velocity of projection, and is small at low speeds Hence the formula gives a fairly 

f ood rough estimate for a slow cannon ball like those used m the tune of Galileo 
t IS grossly inaccurate for modem artillery whidi can project shells like those of Big 
Bertha at 1 mile a second Big Bertha shelled Pans 76 miles away at an angle of 654® 
Neglecting air resistance the shells would have fallen at twice this distance, i e (since 
1 mile 6,280 feet) 

= 6,280 x 166 x sm 69“ feet = 166 X 0 934 nules ■= 164 miles 

Its maximal height of 24 nules was less than half the height 66 miles given by the 
graph of X and y 

xeason Over a short range we can regard the earth as nat, the direction of 
the plumb line as eveiywhere parallel, and the value of g as fixed. We shall 
see later that g fidls oflF quite appreciably at a high altitude, and the angle 
of the plumb hne rotates through a degree m a 70-niile range So it would be 
more correct to reckon the acceleration of the shell at ea^ stage of a long 
course as if it were directed towards the centre of the earth, and we should 
have to make allowance £ot the &ct that ns numencal value as well as ns 
direction changes duxmg dn: shdl’s |Oum^. 
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^Tien anything mo^es in a coned path^iike a cannon ball^we can often 
look on Its motion as if it ere mr Je ap of a fixed \ elocitv along one line 
and an acceleration directed to some fixed point If it mo\es with a fixed 
speed m a complete circle^ it hos an acceleration towards the centre WTien 
we make a stone swmg m a cnrcle at the end cf a the latter exerts a 

pull on the fingers^ or, to pat it in another wa\ , tne fingers exert a pull on the 
stone to keep it from Qymg off at a tangent Since puilirg power implies 
acceleration, there is a contmaoas acceleration of the '^tone to the centre 
At first sight this may seem to oe a paradox because the stone keeps the 
same distance from the centre throughout its journey The paradox dis- 
appears when you recollect what it would do, if the strmg were cut It would 
fly off at a tangent The \ ery fact that it keeps a fixed distance from the centre 
imphes that at each stage m its journey it is fallmg in towards the centre 
from the path it would follow if no strmg were palling on it Luce the long- 
range projectile fired horizontally from a hign mountam it has rwo motions, its 
own mertia which drives it along the tangent to the circle and an acceleration 
towrards a centre When its imphcations were fully understood, this novel 
aspect of motion m a circle revolutionized the techmology of clock-makmg, 
and the theory of planetary orbits, 

CENTRIFUGAL MOTION 

Before any substantial progress a>uld be made m the theoretical design 
of seaworthy clocks it was necessary to understand rotary motion The 
problem of range-findmg is to reconstruct the curved path of the cannon 
ball from the circumstances of its motion Rotary motion sets us the converse 
problem of reconstructmg the central acceleration of a moving body whose 
path IS known. If we could make a film of the path of a mail bag dropped 
from an aeroplane fiymg at a known horizontal speed we could ^culate g 
from the graph When we rotate a stone m a circle at fixed speed we know the 
path, and the calculation is comparauvely simple 

The chief thing which is hkely to cause difficulty is that the word accelera- 
tion IS now used m everyday speech for mcreasmg (or decreasmg) the speedo* 
meter reading without regard to the course itself As long as the course is a 
straight one the car driver’s acceleration is the same as Galileo’s This is not so 
when the car is turning a bend If Galileo’s acceleration merely meant change 
m the reading of a speedometer, no pull would be needed to change the direc- 
tion of a car which kept a fixed speedometer reading while tummg a bend 
Acceleration as a measure of pulling power is not necessarily the same as 
change m speedometer readmg It is based on stop-watch readmgs like those 
of speed-cops watching the car as it passes two fixed points at the ends of a 
surveyor’s c hmn This com^ to the same thing if the car’s course is a straight 
one parallel to the eba m . 

When we have to deal with motion m a curved path, the ordinary me aning s 
of the words speed, vdoaty, and accderation, as they are used loosely in 
everyday life, have to be modified to take account of the prmciple of inertia 
A weight can be apphed to affect the motion of an object in eiffier (or both) 

oftwo ways- One 18 to change Its speed along Its own straight path Whenthis 

18 so^ ffie whetty of the moving object is numerically the same thing as its 
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speedy and the acceleration imparted to it merely signifies mcrease or decrease 
of speed m one direction or its opposite, as m the everyday use of the words 
A weight can also deflect the strai^t line motion of an object from the direc- 
non m t^hich it is movmg So, if pulling power depends on the acceleration it 
can impart, acceleration must be measured so that it imphes change of direction 
as well as change of speed* This can be done without sacrificing its ordinary 
meaning as applied to motion m a straight Ime, like motion down a flat slope 
or vertical motion under gravity. To make it measure change m direction as 
well as change m speed (actual distance traversed m one second), is not 
daflacult if we recall how we measure direction when we have to be precise 
about it 

To measure the direction m which a body is movmg we have to select 
some fixed line or plane of reference Commonly we choose the N-S meridian 
or the line joining the east and west pomts on the horizon, when we are 
speakmg of terrestrial motion like that of a ship We use the mendian and 
the plumb Ime when we are talkmg of celestial motions like that of the 
sun. We measure the direction of a movement by the angle which the fixed 
hnc or plane of reference makes with the path of the movmg body at any 
instant if its path is straight, or with the tangent to it if it is tummg a 
comer. The distance which a movmg object traverses m a given time depends 
on the direction/r<wi which we are looking at it If we call its progress measured 
along a Ime at right angles to the direction m which a person is lookmg 
at it, Its motion relative to the observer^ its movement relative to observers 
looking at it from dififerent aspects will generally be diflerent In what follows, 
we shall assume that the observer is a long way off The *‘lmes of sight*"’ are 
then parallel for the same person 

The obsorer who watches the progress of the car m Fig 173 by the 
tel^xaph poles along the road AC, which is its actual path of motion, sees it 
pass five gaps During the same time an observer watchmg it pass the tele- 
graph poles on the road BC sees it pass only three of the gaps between the 
poles at the side of the latter A third observer countmg the telegraph poles 
along the road AB as it passes them, sees it pass four gaps Relative to the 
three observers the distances covered during the same time are m the ratio 
5 , 3 : 4. If one gap IS the unit of distance, the first of these is the speedo- 
meter reading, i c. its speed in the ordinary sense, which signifies the actual 
distance traversed the car tn umt iune^ Speed, then, is distance covered in 
unit time relative to an observer lookmg along the Ime at n^t angles to the 
actual path If the path itself is curved, the observer can only do so by 
his point of view So speed, as the term is ordinarily used, does not 
in^ly motion relative to a fixed observer ^ i.e. to an observer watching it with 
reference to the same fixed line 

In everyday speech we draw no distinction between speed and veloctfyf^ If 
f vcloaty to the measurement of motion relative to a 

JtxeaobeexTcx, them is no difiScohy m adapting our definition of accderation 
^ anoease (poamvej^) or decrease (negative sign) of ve%Katy m unit time 


•ttaight line the actual speed or t&asowa travcBttrf in 
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the same as I1.3 velocity reiati^^e lo rn obocrvci looking along a line at right 
angles to its 13 -t& an un’t time along the Ime of reference 

I1.S t^cce*aratfcon is trercrore nu~nsmca’ly the same as the rate at which its 
speech IS o>er hand^ aji object movong mth a fixed speed 

round a coriiCi cannot move through ^quil uistaaces^ measured parallel to 
the same sriaight m sooiva^eni internals cf time So it cannot ha\e 
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Fig 173 — Motion Relative to Different Fived Observers 

For reasons stated in the text, the observers stand at a distance much greater than 

can be shown in a diagram 


a constant velocity relative to any fixed observer. A car (Fig 174) which 
passes the milestones on a circular by-pass m equal mtervds of tune would 
give a constant speedometer reading, while its progress relative to the 
milestones on the tn am road would exhibit a continual decrease So if a 
body moves m a curve at fixed speed, or m other words if it is changmg 
Its direction without rhangtug its speed, it will have an acceleration relative 
to any fixed observer. The driver <rf the car m Fig 174 might regulate Ins 
speed so that be always appeared to pass the milestones aloc^ the main 
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road in the same mter\al of time Although he would then have no arcelera- 
uon with reference to the mam road, he would still have^ aci^eration 
(cf Fig 17.")) with reference to a road at right angles to it Thus change ot 
speed or change of direcuon alwaj’s mvolves acceleration of motion (positive 

or negative) relative to some fixed observer « j j i 

At ever\^ point in its course a weight movmg at fi^ed speed m a circle 



Fig 174 — Constant Speed Impjses Acceleration 

The car passes the milestones A, B, etc , on the by-pass in equal intervals of time 
Hence its speedometer reading does not change Its mouon relative to any fixed straight 
line IS contmually changing For instance, relauve to the main road it passes through 
the distance while it moves on its own path through AB, and while it takes the same 
time to move from F to G it only traverses fs relative to the mam road Thus its 
velocity decreases as it appears to move away from the cross road which forms the 
centre of the arc If it moved m the opposite direction, its velocity would appear to 
mcrease* It has a negative acceleration Aong the diameter to its path as it moves away 
from the centre 

has an acceleration along the fine joining it to the centre This acceleration 
measures the rate at which it must Ik pulled m to counteract its own sluggish- 
ness which would carry it forwards along the tangent If it makes one revolu- 
tion m a circle of radius r feet during T seconds (called its periodic tune). 
It actually moves through Sttt feet with a speedometer reading of (2^) — T 
feet pea: second* liaving reached some stage represented by P m Fig. 176^ 
it would omtinuo to in the stptaight line along the tangent to its mxcular 
apptteif theie apcm 
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Fig 176 — Changing Direction Always Implies Acceleration Relative to 

Some Observer 

The figure shows successive positions at the end of each second during a ^second 
movement of an object m a curved path Its speed as well as its direcm^ is changug, 
bems obviously greater m the last than in the middle second mterval Relauve to the 
X-axis the change m speed makes up for the change m ^e^on, and the d^iance 
traversed m umt time is the same and is always to the right Relam e to me Y-axis 
Its velocity changes propomonately more than its speed along its actual path 



FIG 176 —WHGHr Revolving in a Ci^ at s Feet Per Second at 

XHE End op a Cord r Feet Long 

« Si«ed 5 B nimu^CRUy the veloaiy^th it c^- 

wue Qk If rtoECoeteiation along RO is a, h >- *«*• 
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m this direction So us veloaty along the tangent also be (27?/) — T 

if the cord were cut t^hen the weight teaches P In a chort mieiva^ of 
time t second'- it vtould then traverse a certoui disvan^e r feet reaching Q 
Actually It does not reach Q The force e*?erted bv the stiing keeps it moving 
mwaras so that it is at a S\ea distance r from che centre Just as the mail b ig 
continues to move uith the horizontal ^ eloat> of tlie v^eropiane^ whde falling 
simultaneously TOth an acceieraticn g earthward, thz eight would t^uvel 
from P to R if 

(a) It continued to move forwards along PQ with a velocity i (= 27rr — T) 
through a distance u m time t (see Fig 17bX 

(t) It also fell mwardb cl’irmg the sainc time t a diiect^on to 

RO through a distani^e b fixed acceleration a 

The defini'^nu of veloaty tells us that s == c — oz c = st — T 

The lule connecting acceleration and distance tePs us tliat b = Toe 
theorem of Pv’thagoras sbo’vs us tne connexion betivee^i tlic distance*- a*d 
o, 1 e 

(r^br^c^ + r-^ 

2br -p b^ -= 

-t U) T" 

Itt® 

arr+\b)=-^, r’ 


When the weight has not mov’ed appreciably beyond F the distance b does not 
differ appreciably from zero, and the direction of QO docs not dillsr appre- 
aably from PC So, if we neglect a become^ the instanraneoas acceleration 
along the radius w^hen the weight is at P, and 


or = 


IZL^ 

T2 


H 


a == 



52 

r 


If the mass of the weight is w the lorce it cxcits on the strmg is therefore 


M 


F = /« 

^L-Vr 

VT / 



If the circular speed is n revolutions per second it takes 1 — n seconds to 
rotate once and 



n 


Hence we can also write for the force exerted on a mass of m rotating at a 
distance r from the centre of a wheel making n revolutions per second 


F (27rn)^mr 
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If IS meassured ai pcuncs^ r in re^Uduons per second, and r in feet, this 
g.ves the force m poimdals If-'. iS i-ieasared m grams, n in revolupons per 
seco.* J, and / in ceAttimetres, at e* die force in d; nes 

T’heia are tv^o cf rcpACsenting the mot.on of an ob;ert ie\'o]\mg at 

speed m a circle Eu^cL. is L^eful, and ne tr^o f*e comr^cmemcry In 
a tag of viar, i/ben eclC^ s^ae :s hccpnr'g xhe same distance fio-n the lire, the 
cv o Learns are paling with equal strea^ih m opposite ocections The forces 
everted a^e nuineiicajd 3 cq laJ, ma 'Re reniesent tne^n ^\l^h opposite s^gus 
to signify tha*. their sum m erher duecuon is ztio Hence wiere is no moticn 
in the pieceding pnagrapos started vnth tr>e principle of inert a, that is 
to SS 7 with the Itnovi'n fiL-t Ji'^t the weig‘it r^ojIu flj? oT at c tangent if the 
cord v^ere cot then ashea wt'?/ acccieiation fov’crds the centre is neces- 
sary to keep the w^igh^ at the same cisionce from K VT e are equally entitled 
to pm the question m the con^^eme If a weight re^ cK mg in tins way 

has an acocLraPon towaidc me centj^e, ve mus. alco i>iiy that ’t has an equal 
accelerauon aw^y from the centic to keep at the same aistance from it 
The first or cmhipUcd acceleration — depends on tue coa;.sive power 

of the cord which resists any attempt to stretch it second or ce imftigal 
acceleration + (2‘vrri)h is a matherruticnl trick put jt^ m sigiiij that there is 
no actual motion tow^aids the centre Because of the pov^'er of me cerd or 
support to resist stieichmg, a revolving weight is pulled towards the centre 
of motion As m a tug of war, the two pulls, aw as firm and tcwaias the 
centre^ are balanced If we dt.e the positive sign for the outward direction, 
it comes to the same thing whether we say that the centripetal force exerted 
on the weight by the coid is — (^'ntifinr or that the centrifugal force exerted 
by the weight on the cord is + (27m)^;?2r* 

The practical importance of the distinction is easier to see, if a piece of 
elastic IS used mstead of an ordinary cord which does not appear to stretch 
appreciably It is a matter of common experience that a large weight stretches 
a piece of elastic more than a small one When a weight hangs vertically from 
a piece of elastic, the power of the latter to resist furthei stretching cancels out 
the action of gravity and must therefore be represented as a force of equal 
strength and opposite sign The resistmg force of a piece of elastic therefore 
mcreases with the load It is easy to satisfy yourself that a weight swung m 
a circle at the end of a piece of elastic stretches the elastic more when the 
speed IS mcreased As we increase the speed, the centrifugal force outwards 
from the centre is also mcreased The weight moves farther away from 
the centre, thereby mcreasmg its centrifugal force, while at the same time 
mcreasmg the power of the elastic to resist any further stretchmg When 
the latter just balances the former, the weight contmues to revolve at a 
fixed distance from the centre If the speed is reduced, the centrifugal force 
IS weakened. The elastic resistance bemg now the greater draws the weight 
inwards Since diminishin g the length diminishes the power of the elastic 
to resist stretchmg (see p 291), there comes a pomt when the elasttc puU is 
no longer m excess, and the weight contmues to revolve at fixed distance from 
the centre, though nearer to it than it was when the speed was greater 
To test the law of motion m a circle we have only to attach a weight to a 
spring balance fixed by a nng to the axle of a turntable, on which die weight 




sponds to 32M poundals If the mass m is rotating at n revolutions per second 
r feet from the centre, 

32M = (27m)^mr 

If the mass attached to the spring balance is 2 lb , and it remains steady 
2 feet firom the centre when the wheel rotates at 20 revolutions per second, 

( 44 

Y X 20j X 2 X 2 

Takmg 477® as approximately 40 

M = 2,000 lb. 
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That IS to say, the scale reading of the spring balance would correspond to a 
hanging weight of 2,000 lb 

The construction of a \arieiy of devices cased on this principle provides 




Fig 178 — Principle of the Cream Separator or Centrifuge 
To calculate the angle of ult of the two tubes rotating on a bar ot radius r at a given 
speed 

/27t\ • 47T*r 

tan a - ^ 

Thus if the distance of the fixed end from the centre is 1 foot and the axle makes 
6,000 revolutions per mmute the tune of a revolution is 60 — 6,000 = 0 01 second 
Takmg 4ir* = 40 and ^ « 32 feet per sec® 

Smce tan 89* «= 67 29, the tubes are inchned at over 89* to the vertical, and would 
hence be practically horizontal at this speed 

tangible evidence of this pull Examples &om the everyday life of our own 
tune are the cream separator, the governor of a steam engme, and the analo- 
gous device with air vanes u^ as a brake to ensure the constant speed of a 
gramophone ivcord. The cream separator is essentially like the laboxatofy 
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centrifuge, which consists of a rotating bar or flywheel, from the run of which 
a senes of tubes are suspended so that the lower end is free to ult upwaids 
and outwards (Fig 178) Durmg rotation the centrifugal acceleration 
(^rtrifr at the lop of the tube is balanced by the ngidity of the support, while 
the opposite end is pulled downwards by gravitj and the lesultant puU R 
(Fig 178) makes it tilt outwards durmg rotation At high speed the pull 
outwards is far stronger than gravity, and males cream rise or sediment 
settle much more rapidly than it wotdd do if left to the acuon of gravity 
alone In the governor of a steam engme (Fig 179), the two metal balls aie 



How the Governor of a steam engine allows the escape of steam when the speed exceeds 
the danger limit depends on the same principle as the centrifuge Two metal hnii« are 
each connected by a pair of levers with two collars A or A' and B The weight of 
the balls keeps them m the position shown on the left when the engme is at rest As 
the shaft revolves the balls fly outwards as shown on the right Iiftmg up A mir. position 
shown as A' A lever attached to A is connected to a throttle-valve m the steam pipe 
leadmg to the cylmder which closes when the collar A' rises to a certam height 
dependmg on the speed of rotation Only one ball is shown in each posiaon 

coimected with a lever device At a certam speed the balls fly apart so far 
that the lever closes a throttle controUmg the supply of steam to the cylmder, 
so the speed cannot exceed the Imuts of safety A common type of speed 
regulator for gramophones has a lever attachment like that of the steam 
engine governor, workmg a brake when the speed reaches the limit required 
In the analogous device which is used to regulate gramophone speed, 
the air-resistmg surface of the vanes mcreases and thereby opposes further 
increase of speed 

The calculation of centrifugal force is also nec«ssary for lajnng rails at 
appropriate heights to allow for the tilt of trams m turning a bfnd . In its 
own soaal context it arose from the technology of the pendulum do rk^ and 
the formula was first actually published m Huyghens’ Horologum Osctlla- 
tontan The first docks were purely empmcal devices, in which a 
weight was the motive power Later the weig^tt was replaced by a 
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The problem of clock construction is to regulate the fall of a weight, or the 
contraction of c so sa *.o drive a \;^heei at a constant speed 

This IS done oy a de\ice caiicd me escap^yne/ii (Fig which consists of 

rvo arriu cut so th'it s fiec tne Other crgcges the obhquely toothed 
nra of the dri^mg vneel, and v^ce As the uri\mg \^heel revolves, the 

pressure a tooth swmgs one ai-m up As it dears the tooth, the other comes 
dov,n bec»^^en a pau cf teeth, engagu?g tnera ull it« fellow swings down 
The motive force thus regulated to irnp^urt constant speed ny the regular 
swmgiTg oi the eccapcmenl to and fio So a^c-'rarj" of timekeeping depends 
on making the mterva^ of the esccpcinant s^^mg constant 

Ir tJie III St clojvs this Gone vhat was called tne “verge escape- 
irenf'’ (Fia; lol) The escapement was fined to a b^j: v ith a heav'y weight at 
each v.nd F*rst it was turned cue wa^ by one tooth of the dnving wheel 
Then another tooth on the opposite Sxde svvmng it the other way If the 
teeth of the imi weie of the some s’'^e enb cut ai the same angle, the bar 
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Inclinanon (a) oi ride* on a circular speed crack as the lesuitaftt of tw^o accelerations 

at n^ht angles 

and weights turned thiough the same angle m opposite directions takmg 
the same mterval of time for each swmg To make this arrangement work 
with great accuracy theiefore required very great preasion m the construc- 
tion of the wheel and the escapement, and smee the heavmess of the weights 
generated considerable fnction, calculation of the dimensions was beset with 
formidable diflSculties Accuracy m clock construcuon was not achieved imtil 
It was possible to devise an escapement which has a fixed period, mdependent 
of the size of the teeth on the dnvmg wheel This can be done by means of 
a pendulum or a spring 

THE PRINCIPLE OF THE FIXED PERIOD 

The rule for rotational motion leads directly to another rule about the 
arcumstances of to-and-fro motion with a fixed period In the steam engme 
the to-and-fro stroke of the piston is converted mto the rotairy motion of 
the wheel Conversely if we rotate the wheel when there is no steam in the 
piston we can convert the rotary mto a periodic motion It is not difi&cult to 
see that a wheel rotatmg at fixed speed can be made to produce a pendulum- 
hke movement with a fixed periodic time The complete period, ix the tune 
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taken to move forwards and backwards to the same position, is the time 
taken for the wheel to make a complete revolution, i e its periodic time T 
Fig 182 shows a type of piston rod attachment by which the horizontal 







(b) Atzciior Escspenvzivtr 




Fig 181 — Evolution of the Pendulum Clock 

A pendulum swmgmg in a small arc of a circle is almost but not quite isochronous (i e 
with a period mdependent of the distance through which it swings) It is completely so, 
if the path of the bob is a cycloid, which is a curve like a semi-circle but steeper at the 
extremities By havmg a flexible support which bends round the curved jaws shown 
m the flgure, the pendulum performs a cycloidal motion for wide angles of swing* 

displacement of a peg projecting from a circular wheel dnves a pendulum 
to and fro The honzontal displacement of the centre of the pendulum bob 
from Its midway position exactly corresponds to the horizonnd displacement 
of the pm along the diameter of the wheel, and hence the acceleration of the 
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pendulum bob is also equivalent to the acceleration of the peg along the 
diameter of tne wheel 

Suppose now that at some instant donng the rotation of the wheel in 
Fig 1S2 the laOius r dra\\ii from the centre to the peg makes an angle 6 
vith the axis of the piston The peg is mov mg m a arcle at fixed speed 
Inwards along r (see Fig 176) it has an acceleration whose numencal value 
may be represented by AccoicLng to rule 4, p this is equnalent to 
an acceleration a<f cos h along the piston axis (see also Fig 174) If the 
numerical value of tins honzontal acceleration is 

^ a cos b 



Fig 182 — ^Rbgutar Pendulum-like Motion ob a Pin attached to the Rim of a 
Wheel Rotating at a Fixed Speed, as seen in nm Horizontu: Plane 

If X IS the honzontal distance of the peg from the centre (regardless of 
whether it is nght or left of it) cos 6 == :t — r, 

aj. = — r 

a* — jc a — r 

And since a, and r arc both fixed 

Ur 

=- const 

X 

The pendulum of Fig 182 swmgs with a fixed penod correspondmg to 
one rotation of the wheel at fixed speed We now know that when it does so, 
the ratio of the munencal values of its acceleration and displacement along 
the line of swing is fixed This clue is not enough to define a penodic motion 
of fixed period As it stands, the last formula takes no account of the direction 
of motion, and would also desenbe that of an object moving contmuously 
with increasmg speed m the same straight line The motion of the pendulum 
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involves reversal of direction m each revolution with slowing down and 
speeding up m each half turn To define its direction we must list* appropnate 
signs 

If a: IS the horizontal distance of the peg from the centre^ its displacement 
may be — x (x ft to the left) or + t ft to the nght of it) With the same 
convention an acceleration H means gauitvg ft per sec m each second 
while movmg to the right or losmg a, ft per sec^ while movmg leftwards^ 
and — a* means gaining ft per sec ^ moving leftwards or losing ft per 
sec® movmg rightwards In a complete clockwise rotation the horizontal 
displacement is + x, when the peg is movmg downwards^ and — x, when 
the peg IS movmg upwards In the downward half turn (see Fig 174) its 
accelerauon is — because it is first slowmg down as it moves nght, and 
then speedmg up as it moves left Conversely, it is -r aj, m the upward 
half turn, when it is first slowmg down nghtwaids and then speedmg up 
leftwards With the usual conventions of sign the horizontal acceleration is 
therefore — when tiie displacement is + x, and + Ua, when the displace- 
ment IS — X To take account of this we replace the constant m the previous 
formula by a positive quantity k to which the negative sign is fixed If we 
wnte, 

ag.= — kx 

ag. now stands for the actual acceleration with its appropnate sign^ and x for 
the actual displacement also with its appropnate sign* Thus if the displace- 
ment IS ft to the ieft, x = — d and 4X8= — A(— d)= + kd^ which is 
positive If the displacement is d ft to the nght, = — W, and since k 
and d are both positive the acceleration is represented by a number to which 
the negative sign is attached This sigmfies slowmg down m mouon to the 
nght or speedmg up leftwards 

Smee a^ — r ^ a^. x^Or — r ==■ — kg and we know that the numenca* 
value of a^g the centnpetal acceleration^ (p. 275) is (in — T)®r* 

— r = (2w — T)® 

• T == 2^r -J- V* 

So we have now two clues to the perfect dock escapement We have to find 
something which moves so that it has an acceleration of opposite sign and 
with a constant ratio (A) to its displacement along a fixed Ime When we 
have done so its penodic time will be 27r — Vk 

To visualize a penodic mouon with correct use of signs, complete the 
following table showmg the mean horizontal accelerauon of the pendulum 
device m Fig 182 m successive seconds The wheel rotates once m 36 seconds, 
1 e. 10'' per second Starting when the pm is at the extreme nght-*hand posiuon. 
Its honzoutal displacement x is also r, the distance of the pm from the centre, 
so if r «=?= 1, X ==* 1, At the end of a second the pm has rotated through 10° 
and X « r cos 10° « cos 10° At the end of two seconds x «*= cos 20° and so 
on. Tables of cosines tell us that cos 10° «> 0*0848 and cos 80° «« 0 9397 
Durmg the first second the displacement dhanges from x ^ I to x ^ 0*9848, 
1 e -- 0 0152 ft to the nght In the next seoeSad it moves — 0*0451 ft. Thus 
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Its mean velocity jQ the first second IS — 0 0152 ft per sec and its mean velocity 
m the nevt second is — C 0451 ft per sec and the mean velocity gamed m 
one second (mean acceleration) is — 0 Ol*?! — 0 0152) == — 0 0299 ft 

per sec^ This is its approximate acceleration mid^^av bemeen the middle of 
the first and the middle of the next second, x e , at tne end of the first when 
its distance is 0 0S48 ft The ratio of .ts acceieraticn to its oi ,tance is — 0 0299 
~~ 0 964S = ~ 0 0304 The table below calculitsd in this shows that 
the ratio — ax -- x is approximately constant, and closely agrees with the 
value of — T2 ^ 4 ^ 9 S7 - (36)2 = 0 0305 
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THE LAW OF THE PENDUILM 

So long as the escapement was unreliable^ it was neither possible to make 
a clock wnth sufiiaent accuracy for finding longitude at sea nor to fix a con- 
vement umt for measurmg short mtervals of time Galileo seems to have 
been the first person who recognized that a pendulum device might be 
used to make an escapement whose period does not depend on the angle 
of swmg, and is therefore mdependent of the precision of the teeth on the 
wheel The pnnciple of the pendulum is that when a small weight swmgs 
through a small angle, at a fixed distance from a fixed pomt^ its time of swmg 
IS constant It is said that Galileo noticed this phenomenon^ as a student^ 
when he timed the swmg of a lamp suspended from the roof of a church 
by counting his pulse beats It is more probable that the practice already 
existed among physicians, and that when he subsequently made accurate 
chmcal observations on pulse rate by using a pendulum to count the heart 
beats of patients m high fever, he merely adopted the pracucc of contem- 
porary medicme* Be that as it may, his important contribution was to show 
that the period of the swmg is approximately constant by mechanical 
standards, which had been used from time immemorial to measure astro- 
nomical time He determined the number of swmgs of a pendulum during 
the time occupied by the emptymg of a vessel, found that it did not vary 
appreciably for larger and ^m^er swmgs, suggested its use m observatories 
for measuring short mtervals between the transits of neighbourmg stars, 
and designed, without completing, a clock with a pendulum escapement 
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Having discovered the first simple and reliable means of measuring short 
mtervals of time, the next problem was how to construct a pendulum of 
which the swmg occupies some convement fraction of a standard long interval 
of time, e g a sixtieth of a mmute, or, as we now call this new unit, a second 
By countmg the number of swmgs correspondmg to the flow of a fixed 
quantity of water from a vessel, he estabhshed the foUowmg conclusions 
(a) withm wide lumts the time occupied by a complete swmg (‘‘period” 
of the pendulum) is not ajSfected by the size or material of the weight, pro- 
vided that the length of the cord or rod is the same, (J>) if the length of the 
pendulum is varied, the square of the penod (T) is directly proportional to 
the length, 1 e 

T*= KL 

To see what this means, suppose a bob hangmg at the end of a cord 3 feet 
3 mches long makes 30 complete s\^mgs (1 e from one position back to the 
same position) m a mmute The penod is dien 2 seconds, 1 e 

2* = K X 3i 
A K = 16/13 = 1 23 

So to make a pendulum which gives a half swmg m 2 seconds (1 e one with 
a penod of 4 seconds), the lengdi is given by the equation 

42 = K X L 
/. L = 13 feet 

In a dock the escapement engages the teeth every half penod So what 
IS called a seconds pendulum is a pendulum whose half period is one second 
(1 e T == 2 secs ) Shortly after Gahleo^s death his French pupil Mersenne 
(1644) determmed the length of a seconds pendulum with great care, and a 
httle later Huyghens made the first successful pendulum dock (Fig 183) He 
also modified the form of the escapement ordmanly used so that the motion 
would withstand the rocking of a ship, and at last it seemed as if Huyghens’ 
marme dock had achieved what his fellow countryman. Gemma Fnsius, had 
dreamed of more than a century smce 

This was not to be A pendulum dock loses time, if taken from Pans to 
Cayenne m French Guiana This is because the swing of the pendulum 
depends on the pull of gravity, and the latter is not exacdy the same m all 
parts of the world It weakens as we get away from the earth’s centre m 
chmbing a mountain (p 300) It is also diflFerent at sea-level m different 
latitudes, ^nd this would still be so if ^the earth were perfectly sphencal 
The latitude variation provided a new means of testmg the Copermcan 
doctrme Long before Copernicus adopted it as part of his S 3 rstem for 
calculating planetary motions, the Pjrthagprean brotherhoods, the Ath enian 
Archytas, and Aristarchus of Samos, had m turn toyed with the earth’s axial 
motion as a speculative possibxhty In Kepler’s time it still seemed to contra- 
dict everyday experience, and was justified only by arithmetical convemence 
The pxacticd ffiUure of the first marme dock brought it to earths What was 
a serious setback to practical achievement set the stage for the new theories 
a^oaated with Newton’s nsaoat. 
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Discovery was now becoming an orgamzed social msntunon One of the 
cultural offshoots of ‘‘Colbertism’* m France was the foundation of the Pans 
Academy of Sciences m 16C6, four 5 ears after the Ro>al Soaety received 
Its cnarter m England As the latter grew out of the meetmgs of the Invisible 
College (see p 552)^ the Pans Academy arose from an assoaation of a group 
which used to meet at the cell of Alersenne Alersenne was active in spreading 
Galileo’s teaching The origmal members included Descartes, Pascal, the 
mathematician Fermat, and Gassendi, \^hose commentaries on Epicurus 
revived the atomistic speculations of the early Greek materialists In con- 



formity with Colbert’s policy the Pans Academy, like the English Royal 
Society, was actively mterested in all, problems related to navigation, then 
the touchstone of mercantile supremacy Under its auspices the Pans 
Observatory was inaugurated and completed three years before the one at 
Greenwich was established as a national imdertaking A nch harvest of dis- 
covenes followed immediately To Pans came Cassim from Italy and Romer 
from Denmark Cassim undertook the calculation of tables forecasting 
edipses of Jupiter’s sateUites for use in determinmg longitude at sea. The 
project was undertaken m accordance. Professor Wolf tells us, with a sug- 
gestion made by Galileo himself A remarkable discovery to which Romer 
was led m the course of a similar enquiry wdl emerge m the next cbapt^. 
The Academy sponsored several expeditions, notably one to French Guiana 
with a view to simultaneous observations on the parallax of Mars from tlie 
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Pans Observatory and Cayenne (Lat 6° N ) This expedition, which gave 
the first relatively satisfactory scale of measurement for the pl<metary system, 
signalizes an epoch m clock technology 
The technology of the clock, like other problems of navigation, was a 
promment feature m the researches encouraged by the Pans Academy and 
tmdertaken by Mersenne himself Twelve years after the invention of 
Huyghens’ pendulum clock (1657), Picard, one of the foremost astronomers 
of the Academy, made careful meastirements to detemune the length of a 
sidereal seconds pendulum by star observations at Pans and Lyons. At the 
request of the Academy, m the expedition of 1672, Richer observed the 



Fig 184 — ^The Pendulum and the Inclined Plane 


length of the seconds pendulum at Cayenne On retummg to Pans he found 
that the same pendulum must there be lengthened by IJ Pans lin es (12 to 
the inch) A year later Huyghens published the theory of the pendulum doc* 
(JHorolt^mn OsaUatorum) In this he explamed the retardatiott of tie dock 
by the earth’s axial motion, established the mechanical prmaple involved 
in rotation at constant speed, and amved at the correct cnnglii.«Mnn fbg * the 
earth must be shghtly flattened at the poles 
We cm see why a pendulum dock cannot be used as a reliable chrono- 
meter at sea by applying our two dues to the p«fect doc* (p. 282) and 
the law of the inchned plane. Turn first to Fig. 184, whic* illustrates a 
weight swingmg hke the bob c^ a pendulum, in an arc of a of T vdi us r 

At any point in its course, we may consider it to be Bhdmg down an 
auzfiioe represented by the tangent to the curve at the point 'where it is, with 
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downward acceleiatxon ^ sm & From the geometiy of the figure, sm b 
~ V — L, and its acceleration (a) to tLe light along the tangent is, therefore. 



Thus the acceleiauon is -actually to the left x\long the line at right angles to 
the resting position of the asus of the pendulum, the equivalent acceleration Uj. 
of the bob is a cos b (see Fig iOJ) Now cos b does not difier much from 1 
when b is small (e g cos 5"^ = 0 0962 differs by only 4 parts m a thousand 
from cos 0® = 1 OUOO) at any part of its journey Foi a l-mch swmg (2 mches 
each way) of a 30-mcii pendulum the maximum angle is 3 2® from the % ertical 
and cos 3 2® = 0 9984 So cos b differs from 1 by only 10 parts m 10,000 over 
the extreme limits of the swmg Even for a three tunes greater swmg of 
12 mches or 6 mches each way when the mavamum value of ^ is 9 5®, cos b only 
vanes between cos 0®'— 1 0000 and cos 9 5® = 0 9S6, differmg from the 
mean of 0 993 by 7 parts m a tbousmd It also differs from the mean value 
0 9992 for a swung a third as great by less than 13 parts m a thousand So a 
very small difference m the angle of swmg due to irregulanties of tooth cuttmg 
m a clock wheel can make only a neghgible difference to the extreme values 
between which cosi vanes We may therefore draw this conclusion To a 
high degree of preasion for relatively small angles of swung the honzontal 
acceleration 

g g 

^ —X cos b ^ jjx 

The honzontal accelerauon towards the restmg position is therefore pro- 
portional to the horizontal displacement, and the constant ratio ^ is ^ — L 
The rule given on p 282 shows • 

(a) that the pendulum swmgs with a constant penodic movement as we 
should expect if Galileo’s prmciples are right, 

(b) that the constant ratio A must be (2'jt — T)^ so that 

T =: 27r — \/A ~ 27r 

This you can test easily for yourself by hangmg a button on the end of a piece 
of thread and countmg the swmgs with a watch On measurmg the length 
L of the thread you should get a value for g wuthin 2 per cent of the best 
values wath little trouble. You can also see that it gives the length of the 
seconds pendulum (period 2 seconds) given already, Takmg (27r)^ as approxi- 
mately 40, — 10===3 2 feet or 3 feet 2 mches 

The important thing about the calculation we have just made is that the 
penod of the pendulum depends on ^ So if ^ vanes at different places the 
pendulum dodk can only be relied on to work properly while it is kept at the 
plac« where it was r^ulated. The Cayenne exp^tion showed that g does 
vary, and Huygens found the answer 
Tile earth like a great wheel makes a complete rotation about its axis with 
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a periodic time (T) of 24 hours A man \^ho could work miracles might 
suspend the pull of gravitation as m the story by Mr Wells Any object 
would then fly off immediately at a tangent to its arcle of latitude L (radius i) 
To keep an object from domg so^ it would be necessary to impart an accelera- 
tion (2rr — T)®r towards the earth’s axis parallel to the plane of the equator, 
or (2^7 — T)^r cos L m the direction of the earth’s centre If the man 
who could work miracles decided to stop the earth’s rotation mstead of 
suspendmg the earth’s gravitational pull, the effective acceleration which the 
latter could impart to a body would be greater Objects would fall to earth a 
htde faster, because gravitation would no longer be opposed by ^^centrifugal 
force ” Although we cannot stop the earth’s rotation we can get to the poles, 
where r is zero, and the value of is not aflected by the earth’s spm At any 
other latitude the pull of gravity has to do two thmgs (a) keep a body from 
flymg off at a tangent to the earth’s surface, (fe) keep it movmg towards the 
earth’s centre if free to do so When we measure its acceleration towards the 
latter, we are therefore measurmg the difference between its acceleration at 
the poles where the pull of gravitation has only to do (&) and the acceleration 
which would keep it at a fixed distance from the eaith’s centre, if it kept to a 
circular path The observed value of g at latitude L should therefore be 


g 


/27r\a - 

( 7=7 ) rcosL 


j 


and if R is the radius of the equator (see Fig 185), this is 

g' 


2 T 

— 1 R cos^ L 


At the equator L ~ 0 and cos L = 1, R is 4,000 miles or 4,000 x 6,280 feet, 
and the tune of a revolution is 24 hours or 24 x 3,600 seconds. Takmg 477 ^ as 
40, the observed acceleration is diminished by 

4,000 X 40 X 5,280 ^ ^ 

24 X 3,600 X 24 ® P" P“ 


The earth’s spm therefore should reduce the value of ^ by 1 4 mches per 
second per second at the equator How to make a correspondmg calo nlannn 
for any other latitude is shown m Fig 186 The value ofg thus dimmigfi<^ at 
sea-level firom the poles to the equator, and smee the pendulum penod vanes 
mversely with T increases That is to say, there are fewer swings m the 
same penod of astronomical time, and the dock will be “slower” if taken to 
a lautude nearer the equator A “manne” pendulum dock would only work 
dunng a course along Ae same parallel of lautude. It would also be useless 
for e^lorauon, because the value of g is measurably smalW at the top of a 
high mountam and greater at the bottom of a deep miTia than it is at sea-level. 

The esplanaupn given refers to a simple pendulum, le small weight 
suspended from a hght axis such as a thrrad, at sear-level (see p. 800) We 
can then regard aU the effective movement as the movement of the weight. 
To calculate the movement of an ordinary pendulum is a little more comph- 
cated, because we have to average out along the axis the effective weight 
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involved m the descent by the methods explained on pp 610-611 m 
Chapter XII Hu^ghens calculated the motion of the compound, i e ordi- 
nary, pendulum m his great treatise on the theory of clock motion, and 
also made another important discovery There is — as we have seen — a small 
error m the prmciple of the simple pendulum movmg m a circle The period 
IS almost but not quite independent of the excursion This error does not 
exist if the suspension (Fig 181) is modified so that the weight describes an 


P 



^ = sm QOB = sm (00® — L) = cos L 


So if r — radius of L autude L (QB) and R the radius of the terrestrial sphere (OB), 
r == R cos L = cos L X 4,000 miles> 


e g at 40®, since cos 45® ~ 0 707, r = 2,828 miles The central acceleration 
Lat 4o®, when the umts of distance and time are tlie foot and second, is 


(277)®r 40 X 2,828 X 5,280 

~ X 60® X 60^ 


— 0 08 ft per sec ® (approx ) 


at 


So (277 — T)*r cos L IS 0 08 X 0 707 = 0 06 Thus, if the value of g at the North 
Pole is :12 26, It IS 12 20 (feet per sec at Lat 45® 


arc of the curve called a cycloid The cycloidal pendulum is isochronous The 
quest for a perfect clock stimulated mathematical researches into the charac- 
teristics of new famihes of curves such as the cycloids and epicycloids 


THE LAW OF THE SPRING 

The struggle for mercantile supremacy during the period which mter- 
vened between the two English revolutions of the seventeenth century was 

K 



290 Science for the Citizen 

accompanied by a In elv interest m all scientific problems bearmg on naviga- 
tion Foremost among this English group of scientific men m the early 
days of the Royal Society and its parent body the Invisible College were 
Robert Hooke, Newton, Halley of comet fame, and Flamsteed, the first 
director of the newly founded observatory at Greenwich Newton ^s studies 
on telescopy have been mentioned Hooke’s contnbunons to weather fore- 
castmg will come later (pp 557-9) Not the least important of his researches 
m the theory and practice of navigation were his vanoas clock mventions 
The prmciple of the stretched sprmg is still called Hooke’s law 

Hooke’s position and personal charactenstics are the portent of a new 
epoch m scientific discovery and the symbol of a past age The socialization 
of scientific knowledge had taken a decisive step forward at the foimdanon 
of the new academies for the free distribution of new discoveries by regular 
publicauon in journals prmted m the vernaadar Promment among these 
was the Philosophical Transacticm of the Royal Society The need for new 
organs of education to replace or supplement the teaching of the medieval 
universities was alreadv felt, though little was done to estabhsh colleges and 
technical mstitutions free from ecclesiastical control until after the mdustnal 
revolution In Britam, London, the hub of Bnnsh mercantilism, was exrcp- 
tional At Gresham College, the earliest forerunner of the London Univeisity, 
Hooke professed mathematics and mechames In the older uaiyersities 
astronomy had retamed its traditional prestige, and medicme had gamed a 
foothold (sec pp 557-9) Theie were now expanding opportunities of regular 
employment, and men of scientific capabilities were no longer wholly depen- 
dent on wealthy patrons if their social antecedents vouchsafed die necessary 
training Regular employment for saentific pursuits and regular publication 
of discoveries went hand m hand A new sense of common endeavour 
usurped the atmosphere of secrecy sustamed by the msecunty of patronage 
and the dread of the Inquisition 

Hooke’s practice combmed the generosity of the new age and the parsi- 
mony of the past He was active m promoting schemes for co-operative 
endeavour, like his weather records, and lavish with fruitful suggestions 
(see p 554) No doubt Ne’wton reaped the benefit of some of them He 
was never profuse m acknowledgments to Flamsteed, who supphed so many 
of his astronomical data, or to Huyghens or to Leibnitz with whom he corre- 
sponded In contradistmction to this liberality, Hooke had a forgivable if 
childish anxiety to wear the laurels of pnonty, and was one of the last 
scientific authors to use the time-honoured device of securmg it by pre- 
liminaiy announcement as an anagram He gave the law of the sprmg as the 
anagram ceinnosssttiev two years before he disclosed the solution ut tensto 
SMT nw in a pubhshed aescnption of the experimental evidence for the law 

Translated mto the vernacular it means liat the p ulling power of a stretched 
spring IS proportional to the displacement, a rule equally true for small dis- 
placements whether it is applied to elongation or lateral bending It is easy to 
remember the rule when you know what it means, because the uniform 
graduation of a sprmg balance scale is an everyday illustration of its truth. 
Thus a weight of 3 lb stretches a spring 1 J mches if a weight of 2 lb, stretches 
It 1 meb from its ‘’‘natural” lengtih, when no weight is attached to it. The 
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Stretch is therefore 0 5 mcoeb per pound weight hanging from the sprmg^ and 
the pound marks on the scale would be 0 5 mches apart 

At first Sight we imgLt Jhexefore draw the conclusion that the mass bears 
a constant ratio to the stteccL This is not necessaiily true The puUmg potser 
of the sprmg is what pre\'ents a \\eight at rest from falling The stnng is 
stretched ml the upwaid pull of the cprmg eL.acJy balances the downward 
pull of the weight If xts mass is this poll is anc we already know 
that g IS not exactly the ssame m ^11 pairs of the world Provided the 
spring ’s strctJiicd »oo farj me ratio — w distance 



f'lu 1S*>A — brvrsNiruLNrTH-CLNruay Spring PERMiSSxoii of Proi 

\V ogf) 

stretched (x) is fixed at any one place It is not fixed for all places What we 
should expect to find, and w'hat we do find;, as mat the rauo ^ — x is 
fixed, 1 e 

mg = kx 

The practical importance of this may be illustrated by the behaviour of a 
sprmg balance with a scale rccordmg 2 lb per mch, at a place where ^ = 32 
feet per second per second The extension (r) is is foot for a mass of 2 lb , i e 

2 X 32 = ^ — 12 

k = 768 (poundals per foot) 

If we took the same sprmg and the same weights to the top of a high 
mountam where acceleration under gravity is somewhat less, let us say 
31 feet per second per second, the extension would be less for each 
weight and the scale readmgs would not agree with the previous estimate* 
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The spring tension sufficient to balance a 2 lb weight would then be 2 x 31 
sr- 62 poundalsj and since mg = kx^ 

% = 62 — 768 (feet) 

= 0 96875 inch 

When we weigh with ordinary scales^ we compare a body of unknown mass 
w^ith a standard at the same place under the same pull of gravity This is not 


^ = upward -pull of spnxig ( paandA-Ls) 



Fig 186 — ^Testing Hooke’s Law for a Piece of Elastic 
Up to 60 per cent extension an ordinary piece of rubber tubing gives a good result 
The graph extension (pc) plotted against the tension (F) is a straight line of which the 
slope IS m this case 40 — ^ ^ or 96 poundals per foot 

true of a spring balance A 2-lb weight which produced an extension of 
1 inch at the bottom of the moimtam would produce an extension of 0 96875 
C= 31 •— 32) inch at the top If the scale were marked at the bottom, 
a standard 2-lb weight would register lb at the top So a sprmg 
balance like a pendulum clock is only reliable at the place where it was 
made, and the two devices provide mdependent methods for finding how g 
vanes m different nlaces. 
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In certain ctrcumstancesj as wc ail know^ a spring balance can be made 
to behave like a pendulunij as Tvhen a sudden jerk makes the load bob up 
and down The fact that it does this illustrates m a new way the fruitfulness 
of measixTmg force bj the acceleration imparted to a mass If a mass of m 
hangs at rest on a spring (Fig 187) stretched dowtjxard through a distance x 
beyona its natural lengthy Hookers law tells us that its dozvnward pull (jng) 
IS balanced hy the upzjaid tension of the sprmg If it is pulled through a 
further distance y and held, so that the total extension is now (r + y')^ the 
total force exerted by hand and weight must be balanced by an upward 



The time giaph is shown as it would be given by snaps at successive intervals of 
eqmvalent length The equauon can be built up from the mechanical model of Figs 
182 and 195, which show thnt it has the general form (m circular measure) 

yt ^ r sm (27Tt — T) 

The constant r is the *^a mphtud e’^ of the excursion, i e y, and the periodic time T 
IS given m the text as SttV x — g Hence the equation of the time trace is 

D = y sin 

The initial extension y does not affect the period It only affects the excursion 

tension of k(x + y) When the hand is released;, this upward pull is only 
oflfeet by Its own weight (mg ^kx) pulling it downwards The latter is not 
sufficient to neutralize it The difference between them is k(x -b y ) — ifex 
== ky Hence there is still an upward tension numerically equal to ky^ and the 
load begins to move upwards with an acceleration — a The force required to 
impart this acceleration to a mass m is ww, smce the direction of motion 
(upward) is opposite to the direction (downward) along which y is measured 
Hence 


— nut ^ ky 
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The acceleration is therefore in fixed proportion to the displacement 3; fiom 
the resting position of the weight, and of opposite sign to this displacement 
In othei words, the acceleration is always towards the resting position 
Hence (p 2S2) the motion is to and fro, and its period is 

27rV^ m — h 

Smce h ^ mg — x, this is the same as 

27rV X — g 

So, if as in the previous example a 2-lb v eight extended a spring through 
1 mch foot) at a place where ^ = 32, it would obCiUate when jerked 
out of Its restmg position with a penod 27 tVi^ — 32 == 0 32 second 
(approximately) 

A sprmg escapement of which the teeth engage a hangmg weight would 
naturally have the same disadvantages as a pendulum, because the period of 
the oscillation depends on g The advantage of the sprmg is that it can be 
used to produce periodic motion without a w^eight hangmg vertically For 
instance, the end of a spirally w^ound spring Ure Hooke’s hairspnng of 
watches can be fixed to a fl3rwheel, the inertia of which does not depend 
on gravity The law of Hooke apphes with remarkable accuracy to small 
lateral as well as to lengthwise strains So this type of escapement provides 
an escape from the limitations of the pendulum clock Hooke, like 
Huyghens, hoped to make a perfect marme clock He did not succeed 
because the expansion of metals (p 677) by changes m temperature was 
not suffiaently understood at the time Navigation waited three-quarters 
of a century for what Newton called ‘‘a watch to keep time exactly ” The 
soaal importance of the issue is shown by the Act of 1714, when the 
British Government offered a reward of £20,000 for any method to enable 
a ship to get its longitude with an error not exceedmg 30 miles at the end of 
a voyage to the West Indies Twenty years after the Board of Longitude was 
appomted to act as umpire, Newrton’s words were still true “by reason of 
the Motion of a Ship, the Vanation of Heat and Cold, Wet and Dry, and 
the Diflference of Gravity m diflFerent Latitudes, such a Watch hath not yet 
been made ” 

In 1736 a Yorkshire carpenter made a clock with a grid of brass and steel 
bars (see Chapter XI, p 670) to compensate for vanauons m the tension of 
the balance spnngs at different temperatures Hamson’s first clock was 
tested m May of that year on a six weeks’ voyage to Lisbon and back, makmg 
the outward journey on the Centurion^ later Anson’s flagship The official 
certificate reproduced by Commander Gould m a centenary article discloses 
that Hamson located the Lizard correctly when the official navigator, Roger 
WiUes, believed that the ship had reached Start Point “one degree and 
twenty-six miles” east of it The mvenuon was not oflFered for the prize 
With small subsidies from the Board of Longitude Harnson persevered for 
more than twenty years His fourth model m a test vo3^e to Jamaica m 
1761 led tp an error of only one mile The error was under ten jzules m a 
second voyage to Barbados three years later He was paid half the reward m 



Wheel, Weight, and Watchspring 295 

1765 and onl> received the otliCi half after a long legal quibble settled by 
a private Act ^n ^773 An e'^act ^'^uplicaie of the fourth was made for the 
Adrniraitv at a co>t of and used Captain Cook A few yeais later 

Eamshaw, the mvenior tL»e ■» type, prodw^ced chronometers at less 

than a tenth of thi« pr^t 

UNH^RSAL GRAVITinCN 

Artillery warfaie first began to present new problems for research in the 
age of the great navigations, t^hen astronomj^ was still the queen of the 
saences In one way or another ine^tia^ the fundamental piinaple of rangc- 
findingj impressed itself on speculations about planetary motion before 
Galileo actually apphed it to physical measurements If a pull is necessary 
to keep a stone revolvmg at the end of a cord m its circular path, and if a 
bullet keeps its own motion in a straight line when the marksman is ndmg, 
how does u happen that the planets move m closed orbits round the sun^ 
In an earlier age the question would have been meaningless In the generation 
of Galileo there was a special reason for asking it The maimer’s compass 
was one of the new wondeis of the age of the great naMgations Here for the 
first time was somethmg which pullea witnout cords ana pulleys Here for 
the first time was “action at a distance ” At the Court of Elizabe* the theory 
of the manner’s compass had as much ne\vs value as the Pekmg Skull in 
post-war England The queen herself and her naval commanders gathered 
to watch experiments by Gilbert, the queen’s physician, who had likened 
the influence of the sun on the planets to the earth’s magnetism 

Kepler had endorsed the analogy before Galileo showed how to measure 
pulling power by the mouon it produces The law ol circular motion, which 
seems to have been discovered independently by Hooke and Newton as well 
as by Huyghens w^ho first published it, made it possible to bring these 
speculations to earth If a body moves with constant speed m a arcle its 
acceleration along the radius is also constant and is equal to (2'T)2r — T^ 
Kepler had shown that the ratio of the square of the time of revolution 
of a planet (or satellite) to the cube of the radius of its approximately circular 
path IS the same for all planets (or for all satellites of the same planet), i e 

= KT^ or ^ 

If we combme both rules, 

(27r)2K 

That IS to say, the acceleration along the radius of a planet’s orbit is mversely 
proportional to the square of its distance from the sun round which it moves 
Although this conclusion occurred to several people at the same time, 
Newton was apparently the first to test it. He argued that if the same pulling 
power draws a stone to the centre of the earth and keeps continually deflect- 
mg the moon from a straight path m its fncuonless motion through empty 
space, the acceleration of the stone and the acceleration of the moon along 
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the line joining it to earth must be m an mverse ratio to the square of their 
distances from the eairth’s centre So he calculated the vertical acceleration 
of a body at the earth’s surface from the moon’s motion on the assumption 
that the same pull acts on both The moon’s distance r from the earth is 60 
times the earth’s radius So the acceleration of a body towards the earth’s 

centre^ if movmg round the earth m the moon’s course, should be times 

the vertical acceleration of a body on the earth’s surface Smce the latter is 
32 feet per second per second, it should require an acceleration of 32 — 60^ 
feet per second per second to keep the moon bent m a circular course A 
simple calculation is siiffiaent to show that this is correct The mean distance 
(r) of the moon from the earth is approximately 240,000 miles or (240,000 x 
5,280) feet The tone (T) of a complete revolution is approximately 27 J day^ 
or (27§ X 24 X 60 X 60) seconds Accordmg to the prmciple of mertia, the 
acceleration required to keep the moon m its course is 


477 * 

T® 


r = 


477* X 240,000 X 5,280 _ _ _ po* 
27i* X 24* X 60* X 60* 


(approximately) 


The result obtamed agrees with the assumptions that the rules which 
descnbe the regular motion of the clock wheels can also be used to calculate 
the motion of the heavenly bodies When Newton first thought of makmg 
this calculation at the age of 23, the estimated distance of the moon was 
not very accurate, and the value he obtained was only seven-eighths of whaf 
he expected Recognizmg that reasonmg by impeccable logic firom self- 
evident prmaples is no substitute for solid fact m science, he locked away 
his calculations for over ten years Meanwhile much discussion about the 
meaning of Kepler’s laws had taken place among men of science Hooke 
had arrived at the same conclusion as Newton, but was unable to solve 
the mathematical difficulties which anse when the orbit is elliptical, and 
the acceleration directed to the focus A prize was offered for the solution of 
the problem by Sir Christopher Wren Under pressure of his fhends, Newton 
repeated his calculations with a new and more accurate estimate of the 
moon’s distance based on the Cayeime expedition The result was now 
satisfectory So he was able to show that if the pnnaple of mertia is true, 
a body can only move m an eUipse if the acceleration directed to its focus 
is mversely proportional to the square of the distance He also showed that 
a body which moves m an eUipse with an acceleration directed to the focus 
must descnbe equal areas m equal tones 

Thus Kepler’s three laws, which contradict our first impressions of the 
way m which the celestial objects appear to move, were brought mto harmony 
wiffi the expenence of motion m everyday life As with Hipparchus, so with 
Newton, esqpenence of nature demanded new rules of reasonmg To solve 
all the problems which arose, Newton was compelled to improvise a new 
mathematical techmque, the differential calculus. Contemporary idealist 
philosophers, notably Berkeley, poured the utmost contempt upon the new 
logical mstrument Today stubborn fact has tnumphed over Berkeley’s logic. 
The hostihty of the metaph 3 rsicians has been long forgotten by a world 
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which prefers the comforts of science to the consolations of philosophy ^ 
and the behef that the rules of theory are exempt from the test of practice 
has been transferred from real saence to political economy 

Up to this pomt, Newton’s contribution did httle more than brmg together 
the conclusions of his own contemporaries with more mathematica] m- 
genuity than they had showm^ and it is a falsification of history to look on 
Newton’s theory as the production of isolated gemus His gemus worked on 
problems which were set by the social circumstances of his time In Galileo s 
treatment of the path of the cannon ball and m Huyghens’ treatise on the 
clock the problem of motion m curved tracks had emerged from imperatxve 
soaal needs of the tune Agam and agam Newton’s speculations turn to one 
or the other In the elementary treatment of the mail bag given on p 265 
and the analogous problem of a cannon ball (Figs 171 and 172) fired m a 
horizontal direction, we asstime that the height and range of projection are 
relatively small We take the earth as approximately fiat for our purpose 
and the acceleration of gravity as approximately constant, and directed 
towards the earth’s surface In an age of progress m artillery warfare it was 
natural to speculate further about what would happen if a projectile were 
fired at a great height with an enormous velocity We then have to reckon 
with a variable acceleration directed to the earth’s centre mstead of an 
approximately constant g directed to an approximately fiat surface In the 
following passage Newrton pictures the planets shot off from the sun at some 
time remotely past 

That by means of centripetal forces the planets may be retamed m certam 
orbits we may easily understand, if we consider the motions of projectiles 
The greater the velocity by which it is projected the farther it goes before it 
falls to the earth. We may thus suppose the velocity to be so mcreased that it 
would describe an arc of 1, 2, 5, 10, 100, 1,000 miles before it arrived at the 
earth, till at last exceedmg the limits of the earth, it should pass qmte by 
without touching it If we now unagme bodies to be projected m the 

directions of hues parallel to the horizon at greater heights those bodies, 
accordmg to their different velocity and the different force of gravity m different 
heights, wnll describe arcs either concentric with the earth or variously eccentric 
and go on revolving through the heavens m those trajectories, just as the 
planets do m their orbs (see Fig 188) 

Newrton’s special contribution was the next step He had satisfied himself 
that the earth’s attraction on bodies at its surface extends as far away as the 
moon What was the nature of this puU which Kepler had likened to the 
action of a magnet^ The sim pulled on the planets which are smaller than it 
IS, the earth pulled the moon which is smaller than itself, and the earth’s 
pull or terrestrial gravity is proportional to the mass on which it acts So 
the pulling power of the sun on the planets might be connected with the 
feet that their masses are different If so, it seems that every piece of matter 
exerts on every other piece of matter a pull directed to its centre and pro- 
portional to Its mass The mutual attraction between any two pieces of matter 
of mass m and M separated by a distance r would therefore be proportional to 

i« X M — r* 

K* 
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Putting ihis m the form of an equation, in which G is a universal constant 


F = 


G 


Aiw 


If this IS true, it is possible to calculate both the absolute mass of the earth 
Itself, and the lelative messes of the earth and other heavenly bodies The 
first can be done m a variety of ways, one of which is shown diagrammatically 
m Fig 189 How to find the ratio of the mass of the earth to that of another 
heavenly body may be illustrated by comparmg its mass 'vith that of the sun 
In Newton’s calculation of the fallmg stone and the moon, E is the eaith’s 
mass and the force on umt mass of eithei is GE — 



Fig 188 — ^Newton’s Parable of Projectiles Fired with Increasingly High 
Velocity from the Top of a Very High Peak 

Note — ^The higher the nutial velocity (sec Figs 171 and 172) the smaller the deflection 
towarda the earth’s centre m a given distance traversed By mcreasing the velocity 
of projection the motion therefore approaches a closed elhpucal orbit, such as a rocket 
projected beyond the stratosphere would pursue m empty space Air resistance is 
neglected. 


Smee F == ma^ the acceleration of the stone at the earth’s surface, and 
the earthward acceleration, ^,,*5 of the moon, are m the rauo and the 

earth’s mass cancels out The problem is different when we compare the size 
of the earth’s orbit about the sun with the size of the moon’s orbit about 
the earth We then have two different masses S, the sun’s pulling on the 
earth at a distance R, and E, the earth’s pulling on the moon’s M at a 
distance r The attraction of the earth to the sun is 

G SE - R* 

The attraction of the moon to the earth is 


G.EM— 
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So the latio cf thj txo aaractio-as (eart^ to sun) (moon to earth) is 

Sy^— - 

11 ^ :s lie L^or of J e cc^tl> sun.\u z. slong .Jne ladiiis of its orbit. 


i i- 


/ 


? 



t^ig 189 — Weighusg me B^ih 


The prmciD^e ot v tigixjit* ^Ije wortt^ hv the deflectioa of the plumb Ime towards the 
mount‘'ar« la the same cS thi uicd in rhe airect deteiminatzon of the mass of 
the eartf bv Ca\ endish and %tti walkers v<ho have used a sort of microscope 
to measuie the d«^litcuon cf a suspended pellet Q towards a large mass 
Gravity act^ tow aids the vcnpp of 1 spA'‘encal mass If a pellet is deflected through 
a £»-om the vertical when place n.ar a Urge mass, like a ton \ weight of lead, the ratio 
01 the ariracti\e forces of the leaJ and tne earth itself is tan a (see legend to Fig 1<>7) 
Accordmg to Newo^aih hvpothcsis of univeisal giavitation, the attractive power of a 
body IS directly piop jruoiial to its mass and mversely proportional to the squaie of 
tlie distmee between its centre of mass and the body attracted by it Hence if is 
the mass of a body whose centre is r tect from the pellet^ and M is the mass of the 
earth whose rad*us is R 


tan a = 




Suppose in such an expeiiment (crudely diagrammati^sed in this figure) 
a ^ i) UOOooolO® (1 e tan a — S y 10~'0 when w = i ton and r I yird or i 
miles 

o Ilf- _ 1 X <4/100/ 4,000'* l,700J 

M X (I — 1,700)- zV" 

- . 10 X 1762 V 10** 

^ rS T io ' " — 

-= 6 (5 X 10®* cons approximately 


the force pulling the earth to the sun is EA And if Y is the time of a complete 
revolution of the earth round the sun. 


4 7T^ 

FA = E R 
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GSE_ 

Ra — E ya 


R 


S== 


4w® 

GY® 


Rs 


Similarly if L is the time of a complete revolution of the moon round the 
earth 


E = 


GL® 


r* 


Hence the ratio of the sun’s mass to the earth’s mass or 


S R»L® 
E~ r®Y® ~ 


(93,000,000)® X (27J)s 
(240,000)® X (365)® 


= 340,000 (appro-omately) 


The best determinations give 333,434 The large mass of the sun, 
compared with that of any of the planets, is the reason for the fact 
that they all appear to describe orbits around the sun as focus How- 
ever, their orbits do not absolutely correspond to Kepler’s laws, because 
they esert attractions on one another The great triumph of Newton’s theory 
of umversal gravitation was the feet that such irregularities can be calculated, 
when the masses have been estimated m some such way as the esample given 
illustrates Just as the planets exert mmor efifects on the motion of their 
neighbours, the sun, which is too far from the moon to affect the more 
obvious characteristics of its motion, produces various irregularities which 
had been quite unint elligible From the ratio of the mass of the moon and 
the sun, and their distances from the earth, Newton was able to account 
for the variations of the tides with the phases of the moon (Fig 190), for 
the inclination of the moon’s orbit and the regression of its nodes 

It IS natural and proper for you to ask at this pomt whether Newton’s 
theory provides any gmdance for social practice One, directly related to the 
focal problem of technology m the soaal context of Newton’s time, is the 
mcrease m the period of a pendulum or the apparent decrease of a mass 
weighed m a spring balance when we ascend a mountain If the law of mverse 
squares is right the value of the earth’s pulhng power on unit mass (i e. g) 
must mcrease as we get nearer the earth’s centre and decrease as we get 
ferther away from it by a calculable amount Takmg the earth’s radius as 
4,000 miles at the surfece, the ratio of g at the surfeoe to g one mile above it 
at the top of the mountam should be (4001)® (4000)®, and if g were 32 at 
the bottom it would be 31 ’9 84 at the top Hence at the bottom the penod of 
a pendulum would be 27rVL — 32 and at the top 2^^!^ — 31*984, and 
the penods at the bottom and top would be m the ratio V31 984 — V32 
The dock would lose tune m this ratio per second.* 

* Huyghens nghtly assumed that ditferences of sea-leod measurements of g' m 
different latitudes are not due to irregolanues of this kmd The perfect sphenaty of 
the earth was an accepted dogma, sufiElcieutly justified by later measurements m low 
lautudes 
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The apphcation of Newton’s theory was fixst made by Bouguer m one of 
the great scientific explorations of the eighteenth century Bouguer com- 
pared the lengths of the seconds pendulum at sea-levei and at the top of 
Pmchmcha, a high mountain above Qmto m Ecuador The necessary 
reduction for the ascent calculated by the mverse square law was i and 


\iooa 
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Fig 190 — ^The Tides 
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-o 
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this proved to be larger than the observed value j What seemed to be a 
disappomtmg result led to a new vindication of the Newtonian theory 
Bouguer argued that a large mass such as a mountam must exert an appre- 
ciable sideways attraction This was tnumphantly confirmed by a simple 
device He selected two stations on the same parallel of latitude, one dose to 
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Chimboiazo, a mountain 20,000 feet high, and one some distance due west- 
ward, away from the influence The mclmalicn of a telescope to the plumbline, 
i e the zemth distance, should have been the same at meridian transit smce the 
latitudes were identical Owmg to the attraction exerted by the moimtain on 
the weight of the plumbhne the zemth distance of the stai at the near station 
was greater than it should have been Fiom this observation Bouguer calculated 
the density of the earth, and figures obtamed m this way agree fairly wcU with 
results obtamed by the direct method of Fig 189 

In the next chapter we shall see how the mvention of an imtrument 
which could measure time m very short mtervals had more far-ieachmg 
results than any which we have discussed so far One result of this was 
unexpected confirmat«on for the bekef m the earth’s orbital motion abo t 
the sim Before leavmg the story of clock-makmg we shall now summaiizc 
some terrestnal experiences which lead us to beheve that the <ipparcnt daily 
motion of the celestial sphere results firom the earth’s axial lotation Two 
have been mentioned, namely (a) that pendulum clocks lose time as we 
travel from the poles to the equator, w’hile sprmg clocks do not do so, (b) that 
the earth and other heavenly bodies are flattened shghtly at the poles hke a 
ball of soft clay on the pottei’s wheel Three others will now be mentioned 

earth’s diurnal rotation 

If a projectile is shot m any direction from the North Pole, it contmues 
with u^orm horizontal veloaty while the object at which it was aimed is 
bemg earned round leftwards, owmg to the counter-clockwise motion of the 
earth as seen from the standpomt of a polar observer Hence the bullet will 
fall nght of Its mark Conversely a projectile fired from the South Pole 
would fall left of its mark If the projectile were fired at an object south of 
the equator from a situation at the same distance from the equator north of 
It, there would be no such displacement In any other situation a bullet fired 
north or south would deviate sbghtly from its mark because the east-west 
veloaty of the object and projectile would be different The effect would be 
negligible if the distance between them were small With long-range modem 
projectiles the distance is suffiaently large to make appreaable errors m 
marksmanship if it is neglected In actual practice, the error is avoided by 
makmg an easily calculable allowance for the earth’s axial motion If rocket 
transmission, which is already used for postal services m a few remote places, 
became general, the reahty of the eaj^’s axial motion would become an 
ever-present feature of soaal communications In his fasematmg book. 
Rockets Through Space^ Oeator tells us 

After conductmg a senes of prehmmary experiments, Schnuedl succeeded 
m estabhshmg, m 1931, an offiaally recognized rocket postal service He 
operated his service between the small towns of Schockel and Radegund, near 
Graz, Austna Although the distance covered was only about two miles, the 
mountainous nature of the dismct enabled him to transmit letters from one 
town to the other m as many minutes as the ordinary postman required hours. 
The success of the Schmiei^ service inspired Gerhard Zucker to perform a 
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D 3 rocket over the Krirs mountains A ;year later, as is ^ell known, he brought 
one Ox his rocr''ts to England — ^where his e-^ipenments were a fiasco 
E\.peiimenters visualize J:e time when mail rockets will carry their cargo 
between London and Ne\' Yorlt, a oistance which even the liquid fuels of 
toaa 5 '^ Vv -li enable the vessel to cover m less than an hour 

Another cons^de-^ation xs not so obvious If a pendulum bob is suspended 
from a ver^ long cerd (eg feel), free to rotate m any duection and set in 
motion. It should cortmue to s\^ing m tnc same direction If the direction of 



Fig 191 — ^Wiix Tiieorils of Gravitation Become Necessary tor Travel^ 

The figure shows Dr Walter Hohmann’s project for a space trip by rocket transmission 
out ot the first 50 miles of the earth’s atmosphere Beyond this distance air resistance 
becomes negligible and the space ship behaves like a planet movmg in a curved path 
The trip would take 7b2 days, mcluding a stay on Venus of 470 days, or more than 
two Venus (225-day) years The present cost would be about £20,000,000 Considermg 
that we have not yet hquidated the social inconvemences resultmg from the African 
slave trade which followed the discovery of America, this is not necessarily a dis- 
couragmg laet 


the swmg is marked by a Ime on the ground, the pendulum swmg will appear 
to twist slowly around it m a clockwise direction (in the northern hemisphere) 
No force has been apphed to the pendulum to change its directiou, and we 
ought therefore to say that the Ime has twisted in an anti-dockwise direction 
beneath the pendulum You will have no difficulty in seemg that this is a 
necessary consequence of the earth*s axial rotation if you suppose the pen- 
dulum to be suspended at the North Pole, m which case the Ime wiU perform 
a complete anti-clockwise rotation m 24 hours At die equator the bne will 
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Fig 192 — Why the Plane of the Pendulum Swing Rotates 

Suppose that the pendulum is started swmgmg m the meridian at 1 e along the tangent 
aCi which meets the axis OP produced at c A short time later the earth has rotated 
through a small angle aoh^ carrymg the pendulum to the pomt b on the same parallel 
of latitude The tangent be meets OP m the same pomt c The pendulum is, however, 
still swmgmg m the direction uc, 1 e along bd, so that relative to the meridian it will 
apparently have changed its direction clockwise through the angle cbd = bca Mean- 
while the earth has rotated through the angle baa The rates of rotation are proportional 
to the angles turned through m me same time Hence 

rate of rotation of pendulum _ ZJ>ca _ arc ab __ arc ab 
rate of rotauon of earth ZJboa ^ ac ao 

ss ^ sm aco = sm aOA sm Lat* 
ae • 

So the ttme of rotauon of pendulum = - — - y — ■ days 

Thus m Foucault’s experiment the pendulum swmg rotated through SCO® m 32 hours 
or li days Since the kutude of Pans is 48» 50', = 0 75 (app^x ) “ 

not rotate At the South Pole the Ime will rotate completdjr m a clockwise 
threcQon in 24 hours. At intermediate latitudes, the tune of rotation of the hne 

IS — days, as shown in Fig 193 A large pendulum suspended from a 

high roof above a dial vras exhibited at the Paris Exhibition by Foucault to 
show this phenomenon to the pubhe Foucault’s pendulum is now shovm 
m one of the great museums of the USSR. 
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Fig 193 — ^The Gyrocompass 

The framework of a gyrostat turns freely at A, and round the axes BC and DE, so that 
the axle FG can pomt m any direction m space If no force is apphed to the firame- 
work, the axle FG will continue to pomt m the direction in which it was set when the 
flywheel was started If, however, a turning force is apphed to the framework, the axle 
turns, not m the plane of the force, but m a plane at n^t angles to it and continues to do 
so, until the plane of rotation comcides with the plane of the tummg force This is why 
the gyrocompass turns to the north If, for example, the axle FG is at first pomtmg 
eastwards, it will tip upwards as the eauth rotates If the framework is provided with 
some kind of ballast (lake the mercury tube m the figure) this will now exert a turning 
force on the framework The axle will therefore turn at nght angles to the plane of the 
force, unul it pomts to the north The axle will then return to the horizontal, and 
the turning force will cease to act 
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Perhaps the most stnkmg phenomenon which illustrates the earth’s axial 
motion IS the modem gyrocompass now used as a substitute for the magnetic 
compass, which is no longer smtable because modern ships are made of iron 
and carry electrical machmery It is essentially like the famihar g 5 n:ostatic 
top which consists of a heavy metal wheel mounted on two concentric rmgs 
with their axes at nght angles (Fig 193), so that it can rotate m any plane 
Anyone who has played with a gyroscopic top will have foimd that it resists 
attempts to change the direction of the axis of rotation, and turns mstead 
m a plane at nght angles to the plane of the apphed turning force If therefore 
the axis of rotation of a simple gyrostat is set towards any star it contmues to 
stay so^ while its onentation to the earth’s surface changes m accordance with 
the earth’s position relative to the star, i e as if the stars were f xed relative 
to the earth’s axial motion The gyrocompass (Fig 193) is an electncally 
dnven gyrostat, provided with some form of ballast, so that a turmng force 
comes mto play when the axle tips owmg to the earth’s rotation The axle 
therefore turns imtil it pomts m a direction at nght angles to the plane of 
the turning force provided by the ballast, i e horizontal and to the true north 
The gyrocompass has thus the double advantage that it pomts to the tme 
north m contradistmction to the variable magnetic pole, ^d is not affected 
by the magnetism of the steel platmg used m the construction of a modem 
ship 


THINGS TO MEMORIZE 


1 The Lever Where D and d are distances from the fulcrum, and H and h 
are heights through which weights W and w are moved, = wd and 
WH « wh 


2 Inclined plane 


Weight hanging vertically 
Balanced weight on slope 


sm (angle of slope) 


3 Motion with constant acceleration If the iniual velocity is u, d » + ia/* 

or, where motion is from rest, d =« Jar* If the body rolls down a slope, 
a =« g sm 5, where b is angle of slope If it falls vertically, sm 6 — 1, so 
a ^ “ 32 ft per sec and d = ft See also the four rules on p 268 

4 Force = mass x acceleration 

1 poundal force required to impart accel of 1 ft per sec * to mass of 1 lb 
1 dyne = force required to impart accel of 1 cm per sec * to mass of 1 gm 

6 Motion in a circle Accel towards centre = ( 27 rw)*r. 

6 Motion IS periodic when* Accel == — kx^ where x is displacement along 
a fixed Ime from a middle position Both measured to the nght 


7 


The penod, T 


27r 

Vk 


Simple pendulum. T «= 27r- 


VF 


8 Kepler’s Laws. I Every planet moves m an ellipse, with the sun m one 
of the foci 


II The straight line drawn from the centre of the sun to the centre of the 
planet sweqps out equal areas in equal times. 
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III The squares of the penodic tunes of the several planets are proportional 
to the cubes of their mean distances from the sun, i e r® = KT® Hence acce] 

along the radius of the orbit = - 

9 Law of gravitation F = G — j-, where G is a universal constant 


EXAMPLES ON CHAPTER V 
Take g as 32 /r per sec unless another value ts given 

1 Find the velocity at which a man must swim across a nver 140 yards 
wide, il the current velocity is 2 miles an hour, and it he does not wish to 
be earned farther down the rn^er than 40 yards 

2 A marksman m an express tram movmg at GO miles an hour sees a 
stationary object 100 yards away on a Ime at right angles to his line of motion 
How far to one side of the object must he aim if he wants to hit it, the bullet 
moving with a velocity of 440 ft per sec ? 

3 What is the resultant velocity of a ship heading m a northerly direction 
at 5 miles per hour, but diiftmg westward with the tide at 3 miles per hour^ 

4 A trawler is steaming due north with a velocity of 15 miles an hour 
and a north-east wind is blowmg with a velocity of 10 miles an hour Show 
by a diagram the direcuon of the smoke track 

5 At a certam tune one ship is 10 miles west of another If the first sails 
north-east at 20 miles an hour, and the second north-west at 16 miles an hour, 
how near do they approach > 

6 A stick 100 cm long weighs 92 gm , and balances on a knife-edge at 
60 2 cm along it Where will the stick balance if a 50 gm weight is slung on 
It by a piece ot thread at the 10 cm mark^ 

7 At what distances from the fulcrum can weights of 20, 40, 80, and 160 lb 
balance a 60-lb weight attached 1 foot 8 mches from it on the opposite side^ 

8 What IS the force exerted by a sprmg balance attached by a piece of 
thread to a metre stick, weighmg 92 gm , at 90 cm , when the stick is resting on 
a wedge at 10 cm and carries a 50 gm weight at 60 cm > 

9 Makmg no allowance for the weight ot a 4-ft crowbar, what force 
(poundals) must the arm apply to one end of it to lift a weight of 1 cwt (1 12 lb ) 
when a stone is placed under the crowbar 6 mches away from the end on which 
the load rests^ If the load is 100 kilos give the force m dynes 

10 A pole of 5 yards and of neghgible weight has weights of 7, 6, 3 and 1 cwt , 
at 1, 2, 3 and 4 yards respectively from the end where it is hmged What pulhng 
power m himdredweights must be exerted upwards at the free end to sustam 
the weights? What is the upward pull exerted by the hmge^ 

11 If a 4-ft crowbar weighmg 20 lb is suspended by a cord 2i feet from 
one end, find what weight placed 1 foot from one end will balance a 6-lb 
weight at 9 mches from the other, taking mto consideration the weight of the 
crowbar itself 

12r A pole, whose weight can be neglected, rests on the shoulders of two 
m en If the mggimnm weight one man can carry is 120 lb and the maximum 
weight the other man can carry is 90 lb,, how heavy a man can they carry 
between them, and where must he balance on the pole from the stronger man? 

13 A weight of 60 lb, rests on a smooth surface What weight suspended 
vertically will balance it, if the surface is tilted through 10®, 30®, 46®, 60®, 
and 90®? 
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14 The ends of a cord are stretched ovei two pulleys with weights of 3 and 
41b respectively If a weight of 5 lb is attached to the cord between the 
pulleys what will be the angle at the point of suspension^ 

15 Making no allowance for fiiction^ tabulate the acceleration of a billiatd 
ball down a smooth slope tilted successively from 0® to 00® m mtcrvals of 10® 

16 What are the distances traversed m 1 second^ and the velociues acquired 
m that time, by smooth balls lollmg down smooth slopes of mchnations 30®, 
45®, 60° 

17 Making no allowance for friction, find (v^ith scale cLagram or tables of 
smes) 

(n) How long it will take a bilhard ball to naverse 1 yard iJong a shppery 
slope at CO® to the ground 

(Jb) How fai the ball will move along a slope tilted at 15® m J seconds 

(c) The speed of a ball which has tiaveised 2 feet on a slope tilted at 10^ 
upwards 

(<f) The speed of a ball after movtrg for 3 seconds on an mclinea surface 
at 5® to the grotmd 
In each case the ball starts from rest 

18 A bilhard ball startmg from rest on an inchned glass smface describes 

40 feet in the third second What is tlie mclination of the planed 

19 If ^ IS 32 ft per sec per sec at a cerlam place, what is the value 
of g m cm per sec per sec ? If the metrical umt of force called the dyne is 
exerted on 1 gram to produce an acceleiauon of 1 cm per sec per sec , how 
many dynes correspond to (a) one poundal, (fi) one pound weight suspended 
vertically^ (1 kilogram ~ 2 2 lb ) 

20 What IS the mass in pounds of a body, if an S-lb weight, hanging ver- 
tically from a pulle 3 ^ acts on it for 3 seconds, raismg it with a final velocity of 
6 ft per sec ^ 

2 1 What force m tons weight draggmg horizontally from a tram of 200 tons 
mass going at 30 miles per hour will stop it (a) m one mmute, (b) at a distance 
of 400 yards ^ 

22 What IS the stretching force m the cable if a lift weighmg one ton 
descends with an acceleration of 16 ft per sec *? With what force does a mass 
of 8 lb , lying on the bottom of the lift, press on the latter? 

23 Draw the speed time diagram of the motion of a tram startmg from 
rest, havmg uniform acceleration for the first 15 seconds of its run, runnmg 
i mmute at a constant speed, and then coming to rest m 7i seconds with 
uniform retardation What is its maximum speed if the distance traversed is 
2,420 feet? 

24 If a tram is brought to rest m !§ rmnutes, with uniform retardation, 
when it IS moving at i mile per mmute, how far has it travelled m this time and 
what IS the retardation m feet per sec per sec ? 

25 If initial velocity of a body movmg m a straight lane is and its 
^^ocity after movmg d feet m t seconds with a constant acceleration a is vi, 
show that the distance moved can be detemuned from the formulae 

(i) d — Vf,t + iat‘ 

(u) e? =, (©2 _ p2) _ 2a 

(m) and when the mitial velocity is zero Vt =« VSad 

26 How high will a ball rise, and how long will it take to reach the highest 
pomt, if It IS thrown vertically upwards with a velocity of 2,760 yards per 
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27 A bullet moving m a stiaiglit Ime has a velocity of 6 yards per second, 
and an acceleration of 10 feet pei second per second How long will it be before 
the velocity is tripled and how far will the bullet travel m this time^ 

A ball IS thrown t erlicaily upwards and rises to a height of 10 yards 
Find the velocity the bah must have been gi\ en ana tne time it takes to reach 
this heignt 

29 How far mast a ball fall from rest lo gam a velocity of 20 feet per second^ 
How much farmer must it tall so that the velocity is mcreased to 30 feet per 
secona? 

30 At what speed does a tram movmg with umform acceleration run at the 
end of 1 minutes fxom startmg up if it traverses exacuy one mile in the mterval^ 
Fmd also its acceleration m feet per sec per sec 

31 A cannon ball is filed nonzontally from a 49-foot tower, widi a muzzle 
velocity of 2,000 feet per second fleglectmg friction, calculate tne distance 
from the tow ex at which the cannon ball will hit tne ground 

32 A bomb is dropped on a gasometer b> an aeroplane fiymg horizontally 
1,000 feet above it If the aeroplane is travelling at GO miles per hour, what is 
the angle between the vertical and the one joining the bomb and gasometer 
when the bomb is released^ 

33 If the muzzle velocity of a cannon ball is i20 feet per second and the 
range is 1,800 yards, find the angle at which the cannon is tilted 

34 A cannon ball is projected at an angle of 30% with a velocity of 192 feet 
per second When will it reach a height of 80 feet above the ground, and how 
far from the cannon will it be at that mstant? 

35 (a) K a cyclist takes a corner at 10 miles per horn m a cuive of 5 yards 
radius, what is his acceleration towards the centre of cuivature? Fmd the 
central acceleration of a pomt on the equator m feet per sec per sec Take 
the earth’s equatorial radius as 3,962 miles and the sidereal day as 23 hours 
66 mmutes 4 seconds 

36 A motor cyclist goe- roimd a citi-ular racecourse at 120 miles per hour 
Fmd how far from the veracal he must lean mwards to keep his balance (a) if 
the track is 1 mile long, C^) if it is 880 yards long (see Fig 180) 

37 A locomotive goes round a curve, whose radius of curvature is | of a 
mile, at 30 miles per hour If the rails are 4 feet apart horizontally, how much 
higher must the outer rail be, so that the engme wheels exert no pressure 
outwards on it? 

38 By countmg the beats over two mmutes, test the formula for the period 
(p 287) of a pendulum by attachmg a button to a piece of cotton 1 ^oot, 2 feet, 
3 feet, i feet long, suspended by a loop from a drawmg pm 

39 What are the lengths of simple pendulums which make complete beats 
(forwards and backwards) m (a) 1 J seconds and (5) m 2 J seconds? (Take g as 
32 feet per sec per sec ) 

40 What IS the acceleration due to gravity at a place where a simple 
pendulum, of length 37 8 mches, makes 183 beats (half periods) m 
3 minutes? 

41 Show that a pendulum, 450 feet long, makes a complete beat m about 
237 seconds 

42 What is the length of a simple pendulum, if on shortenmg it by 1 mch 
the period is diminished by of its vsdue? 

43 A seconds pendulum at a place where g is 981 4 cm per sec ® is taken 
to a place*where ^ is 981 0 cm per sec * Find how much it gams or loses m 
a day 
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44 A simple pendulum, which should beat seconds (i e one whose half 
period IS one second) loses 20 mmutes m a week How much per cent must its 
length be shortened to make it keep time^ 

45 A poimd weight is attached to the end of a piece of strmg 1 yard long 
What stretchmg force would be registered by a sprmg balance, when the 
weight IS swimg m a horizontal circle so that it takes f second to make one 
complete circle^ 

46 A wire of 497 cm is stretched 0 35 cm by a weight of 6 J kg How much 
would It be stretched by i cwt and by 1 lb if Hooke’s law apphes over the 
whole range? (1 kg =2 2 lb ) 

47 If a weight of 1 lb oscillating at the end of a spring executes a complete 
movement up and down m half a second, find the extension per lb 

48 If a weight of 260 grams executes a periodic motion with a complete 
period of seconds at the end of a metal spimg, what would be the period of 
oscillation of a 160-gram weight attached to the same sprmg^ 

49 If Fi is the sea-level centrifugal acceleration at latitude L due to the 
earth’s motion and is the acceleration of a body under gravity at the pole, 
show that the correspondmg acceleration under gravity at latitude L on a 
spherical earth is 

goo - cos L 

With a similar figure show that if R is the radius of the equator plane, the 
radius of the latitude circle L is R cos L Hence, takmg R = 4,000 miles, 
calculate the values of g at latitudes 50% 46% and 30® in ft per sec per sec and 
cm per sec per sec 

60 At one place A the value of g is 983 0 cm per sec per sec At a second 
place B It IS 981 0 cm per sec per sec. One spring balance is cahbrated at A 
and another at B What will be the weight of a standard 10 lb mass mdicated 
on the scale of each balance at each place? at London = 981 17) 

61 If the force of terrestrial gravity vanes mversely as the square of the 
distance from the earth’s centre, what would be the difference between the 
value of g at sea-level and at the top of a peak 6 miles high? How would a sprmg 
dock and a pendulum clock which synchronize at sea-level behave m the two 
situations? 

52 A pendulum dock with a seconds pendulum* is earned m a balloon, 
which IS ascending with a constant acceleration, to a height of 900 feet m 
1 mmute Show that the dock gams at the rate of roughly 28 seconds m an 
hour 

53. A seconds pendulum beats 60^ times m 1 mmute m a tram, which is 
movmg uniformly round a curve at 60 miles per hour. Show that the radius of 
the circular curve must be roughly 1,317 feet 

54 At the top of a mountain a seconds pendulum loses 10 seconds m a day 
How high 18 the mountain, and how many seconds would the pendulum lose 
when only halfway up the mountain? 

55. How high is a mountam if a clock, which gams 10 seconds a day, is taken 
up It and IS foimd to lose 10 seconds a day? What is the difference m the 
accelerations due to gravity at the top and bottom of the motmtam? 

56 With the aid of Fig. 186, tabulate the radius of the latitude cirde and 
the speed of rotation m miles per hour at Aberdeen 67® N , Edinburgh 66® N., 
London 51i®N., Falmouth 60® N, Pans 49® N, Philadelphia 40® N,^ New 
Orleans 30® N , and Cayenne 5® N , taking the equator radius as 4,000 miles. 

* A seconds pendulum has a period of one second. 
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57 Taking tne value of ^ as 32 26 (ft /sec at the North Pole, use these 
rpeasurements to calculate for each place at sea-lcT^el 

(c) tne value cf ^5 

(5) the length oi the seconds pendulum m mchcb 

cjS Use the same daia to calculate the daily retardation of a pendulum clock 

(a) set at Aberdeen and sent to Falmouth ^ 
qJ) set at Palis and seat to Cayenne, 

(cS set at Pmladelphia and sent to Nev’ Orleans, 

(d) set at Edmaurgh and sent to London 

59 Usmg the same data calculate how slow or fast a London pendulum 
clock would be it taken to tne top of Alt Et erest (6 J miles high, Lat 2S® N ) 

60 If a man standing at the North Pole fired a bullet Wjith a range of 3 miles 
and a mean horizontal speed of 100 feet per second at an oDject 3 miles away, 
how far wide of tne mark would it fall and on which s.de^ 

61 If a cychst is riomg at 14 miles an hour witii a wmd blowmg at right 
angles to his path with a velocit 3 i of 10 miles an horn, show by a diagram or 
otherwise the direction of the wmd relative to the c>chst 

62 A man is walkmg due w^est with a velocity of 5 miles an hour If another 
man ndes m a direction 30® west of north, w^hat is his velocity if ha always 
keeps due north of the first man^ 

63 A north wmd is blowmg at 10 miles an hour If to a cyclist it appears to 
be an east wTnd ot 10 miles an hour, find the direcuon and the rate at which he 
IS ndmg? 



CHAPTER VI 


THE SAILOR’S WORLD VIEW 
The Wave Metaphor of Modem Science 

Wf can onlj fiiid our way about m space when we have learned to find our 
way about m time, and the accuracy with which we can ascertain where we 
are depends on the accuracy with which we determine the tune when we 
happen to be there Our own generation has witnessed a revolution which may 
prove to have more far-reachmg results than the mvenlion ol the clock A 
ship’s captam is no longer dependent on a chronometer set by Greenwich 
tiTWf! at die beginning of a voyage Standard tune is transmitted fi:om ocean 
to ocean by wirelesiS signals, and the very word aaoe has come to have a new 
meaning m the everyday hfe of mankind Today the complete narrative of 
man’s conquest of time and space would have to tell how it has become 
possible to put any smgle being m instantaneous commumcation with anyone 
else on the planet which we now inhabit At some future date it may even 
record how human bemgs learned to find their way across interplanetary 
space. We must leave the way m which man has estabhshed the means of 
world commtmicanon nil we come to the story of man’s conquest of power 
Before we do so, we shall have to come to giips wnth one of the most difficult 
concepts of contemporary saence The invention of wueless transmission 
was made possible by the theory of wraive motion, which developed as a 
by-product of Newtonian science In man’s earhest attempts to find his 
bearmgs m time and space the nature of hght had already forced itself on 
his attention The discovery of the telescope gave a new impetus to the 
study of optical phenomena One result of this was Newton’s discovery 
that white hght is complex Very soon after the mvention of the telescope a 
Danish contemporary of Newton made the first telescopic maps of the moon’s 
mountams Romer also took up the study of Jupiter’s satelhtes Havmg 
detommed their period of revolution when Jupiter and the earth are on the 
same side of the sun, he calculated their position when Jupiter is on the side 
opposite to the earth An echpsc of one of Jupiter’s moons occurred later than 
he expected Bemg satisfied that this was not due to faulty mstruments he 
conduded that hght does not travel instantaneously To put it less meta- 
phorically, we do not see an event when it happens A measurable mterval 
of tune ^pses between a flash of hght and the instant when we see it. This 
mterval depends, like sendmg a message, on the distance between the sender 
and the receiver 

At first sight It seems a far cry ftom the moons of Jupiter to the everyday 
hfe of mankmd m seventeenth-century Europe. In its own context Romer’s 
work was not so remote from practical application as it would have been 
if It had been undwtaken a century later, when dock technology had reached 
a higher level. The determination of longitude still remamed a thorny 
problem Judging from the prize th^ offered (p 294), the method of lunar 
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Qistarces which Xe^^tor^ ad\oca.eJ appropxiate corrections for parallax 
and atmospheric refraction -eqairc:: laborious calculations which did not 
commend themseNcs to the AcLniraltv CtLeis amon^ New^tonN con- 
temporaries pioposed to discard astronony and use j co-ordinate based on 
the dip of me magnetic neea^e fsee C*^aptei Zlllly a rehable chrono- 

meter^ which was not I’^ailable till 1730^ tre 'stronomer could only retam 
his privileged position as acyen of nautical scienc’ devismg a method 
as simple as the obser\auons of eclipses o-l occu!iitio*^s The serious 
objection to this method is th^i^ celestial signj:h rnov^n befr^e Galileo’s 
observations on the mooni of Jupiter did not occur zxy often The objection 
could be met if ocher more hequent sign^^is cc<iil be adde I Whitaker*^ 
Aln.anack shows that appearance*? 01 disappcaiances of Jupiter’s 

satelhtes could be seen at Greenwich dTter di.^r»s in 1030 There v\ere only 
two visible eclipses and no planetary ocailtations m the saine vear 

Galileo himself seems (see p to ba^re re<ilized the practical nnport- 
ance of the discovery which Drought mm mto coniLcr with the Inquisition 
At the new Pans obseivatory wnere Riaxiei woi.ed with Picard, Richer, 
and others among the leading astronomers of the ddy^ the Italian Cassim 
undertook the preparauou of tables for calculating ’ongitude by observations 
on the satellites of Jupiter, and lus tables viere used m the French Nav^ 
durmg the first half of the eighteenth century In book Histone de la 
Longitude dc la Mar au XV I He slide en Fratice^ Marguet tells us 

After 1690 the Connausance des Temp^ gave the time of echpses of the first 
sateUite, calculated according to the tables of Cassmi, and forty years later, 
from 1730 onwards, there were added to the ephemendes three other small 
moons of Jupiter known at this period 

The determination of longitude by echpscs of Jupiter’s satellites merely 
depends on the knovm fact that the same event (Fig 37) does not occur 
at the same solar time m two places on different meridians of longitude 
Romer’s observations showed that one event seen before a second event at 
one and the same place may really have happened latci The full conse- 
quences of this starthng conclusion which has since (p 330) been estab- 
lished by direct experimental proof m the laboratory is only begmnmg to 
be grasped When we look at the moon we are reahy seemg what it looked 
like one and a half seconds before Some nebulae are so far away that if our 
telescopes could brmg them as near to us as the moon, we should only know 
what they looked like 140 million years ago One result of Romer’s discovery 
was to show how we can calculate the earthy’s distance from the sun by 
observations on the stars The calculation based on the assumption that 
the earth moves round the sun like the other planets, agrees with the distance 
calculated from the parallax of a planet, as explamed on p 341, and thus 
estabhshed Kepler’s doctrine more firmly than ever 

Durmg the latter half of the seventeenth century the Paris Observatory 
undertook extensive enqumes to adapt and improve the telescope for astro- 
nomical observations In the latter half of the eighteenth century extensive 
improvements m the technology of glass renewed mterest m the study of 
light. Some of the discovenes which resulted have been dealt with m a 



3 i 6 Science jor the Citizen 

previous chapter Others which we shall now examine introduce a new feature 
of progress m scientific knowledge 

So research into the nature of hght received a renewed impetus from the 
star lore of the two centuries which witnessed a hitherto unparalleled growth 
of mantime commumcations and colonization The way m which enquiry 
progressed was also mfluenced by the growth of another branch of know- 
ledge. Side by side with the study of hght, a different class of physical pheno- 
mena, m which some progress had been achieved m very remote times, 
began to arouse mterest The origins of music are buned m a very remote 
past. For some reason, doubtless inherent m the structure of our organs of 
hearmg, a certain sequence of sounds, the octave scale, came mto widespread 
use at a very early date Aside from Ptolemy’s experiments on re&action 
and the mechamcs of Archimedes^ the construction of musical mstruments 
provides one of the rare illustrations of exact measurement apphed to terres- 
trial phenomena m classical antiquity Pythagoras (see p 77, Chapter II) is 
reputed to have discovered the relation between die length of a vibratmg 
string and the note emitted, when stretched at constant tension If the 
length of the vibratmg portion is halved the strmg gives out a note an octave 
higher If diminished to two-thirds, it gives a note higher by an mterval which 
musiaans call a fifth * If dimimshed to three-quarters a note called s. fourth 
higher, and so on 

The senes of numbers called harmorucal progressions m textbooks of 
algebra are a survival from the somewhat mystical significance which the 
Pythagorean brotherhoods attached to this early discovery in experimental 
saence Though there are few extant data concerning the way m which the 
production of sound was studied m anaent avilizations, there is no doubt 
that a keen mterest m the improvement of musical mstruments had prompted 
a clear understanding of the nature of the stimulus which excites our auditory 
organs Thus Anstode, whose views on other departments of physical know- 
ledge are usually worthless, knew that sound is communicated fi:om the 
vibration of the string to our ears by movements of the mtervenmg air, and 
was also familiar with the fact that a vibration occupies double the time when 
the length of a pipe is doubled From the everyday expenence of the mterval 
between lightning and thunder-dap, or the influence of wmds and echoes 
m an age when people lived more m the open air and buildmgs were not 
designed for acoustical perfection, there was ample evidence for the feet 
that sounds are reflected from solid surfeces, that they are transxmtted through 
the motion of the atmosphere, and that they travel with a fixute speed. 

It IS not diflicult to recognize how a variety of features m the everyday 
life of the middle ages conspired to revive mterest in sound In particular, 
three may be mentioned. The first was a noteworthy improvement m musical 
mstruments. The Alexandrian mechamaans Ctesibms and Hero axe known 
to have designed a hydraulic organ A similar model has been recovered firom 
Carthage datmg about A n. 200. The daily ntual of the Christian Church 
encouraged the use of instruments suitable for choral acoompaniment. From 
the church organ the device of the k^board was extended to stnnged instru- 

* Thus m the scale of C (CDEFGABC), the interval CC, i e ei^t notes including 
both Cs, IS an osroos CG is a fifths CP 9, fourths 
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ments m the fifteenth century Thenceforth the modem piano evolved from 
the clavichords the virgmal, and the spmet Durmg the sixteenth century the 
manufacture of musical mstruments for secular use was developing mto an 
important craft In this milieu Galileo devoted himself to experiments on 
the vibrations of strmgs The pubhcation (1636) of Harmome Untvefselle^ 
a treatise on the mechanical basis of pitch and timbre m stringed instru- 
menlSj composed by his ecclesiastical disciple Mersenne, was the signal of 
renewed mterest m acoustical phenomena 

Two other innovations made a ne^ mstrument available for mvestigation 
into the theoretical issues ansmg out of the technoiog> of siiinged mstru- 
ments Hitherto no attempts had been made to find the speed with which 



Fig 194 — ^Wave-Luce Motion Traced by a Pendulum on a Revolving 

Lamp Black Surface 

Just as the horizontal or vertical trace of a circular motion is a periodic motion of 
the pendulum type, the trace of the pendulum monon represented as a graph of dis- 
placements and time mtervals is a simple wave-hke motion such as can be propelled 
along a skippmg-rope The periodic time of the wave monon is the mterval between 
two crests or two troughs next to one another In this case it is 2 , 1 e the pendulum 
IS a “seconds” pendulum (penod 2 seconds) 

a sound travels The mtroduction of gunpowder mto warfare made the 
expenence of hghtmng and thunder claps more tangible By usmg the new 
seconds pendulum to time the lag between the flash and the explosion at a 
measured distance from a cannon, Mersenne and Gassendi found the speed of 
sound to be about 1,400 feet per second More accurate modem determina- 
tions give approximately 1,120 feet at 15° C Boyle, Flamsteed of the Green- 
wich Observatory, and Halley m England repeated the observations of 
Mersenne and Gassendi, obtaining results m closer agreement with the correct 
figure, as did also Cassmi, Huyghens, Picard, and Romer of the Pans Observa- 
tory Progress was made possible by the fact that the eighteenth century was 
equipped with what the anaents lacked Musical technology could make use of 
a convenient device for measuring time m short mtervals. 

Closely connected with this was another circumstance Being without the 
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means of measuring short mtervals of time, mechanics made httle headivay 
in antiquity The dynamical pimciples which developed in the design of 
the pendulum clock were specially concerned v/ith penodic^ that is to say 
wave-liKe^ motions (Figs 191, 195^ A new logical techmque dia^/n from 



hiG 196 — Connexion Beto^ebn Rotary and Wave AIotion 
We can find a formula for the wave-Lke tiace ot the ptnduliun by a model The wheel 
rotates at fixed speed At the start the radius of the wheel from which a weight is 
hung makes an angle 15° to the peg with the honzontal and this angle decreases at the 
rate of 46° per second That is, the angular velocity of the wheel is — 46° or •— 7 t/ 4 
radians per second, if the positive direction of rotation is anticlockwise After a lime t 
(measured in seconds) this radius tlius makes an angle 46° (1 — r) with the honzontal 
and the weight is a height above its mean posiuon (honzontal radius), where 

xt ^ r sin 46°(1 — t) 

More generally, if the radius starts at an initial angle a with angular velocity 6, then 

AT ■= r sin (a 4 bt) 

a and b are constants which can be measured m degrees or radians We can make 
thmgs simpler if we use a stop-watch and start it at the moment the radius is honzontal, 
1 e measure t from the time when 0 Then 

aci = r sin bt 

If the wheel revolves through 300° m T secs , T is the penodic time (i e the time 
between two consecutive crests or two consecutive troughs) and 6, the angle througli 
which the wheel revolves m one second, is i60°/T, so 

xt>= rsm 360°r/T 

or measured m radians, 277 to a revolution 

xt= Tsm2’ntjT 

If the wheel makes n revolutions a second, T « 1 /« and 

X ^ r^m2nnt 

contact with the mechanical amemties of everyday life supplied the guidance 
which unaided mtellectual mgenuity had failed to devise, and successful 
application of the new mechames to the elastic vibration of strmgs furmshed 
the due to new discoveries about the nature of light 
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TH2 NATURi OF SOUKD 


Kmeteenth-centmy science mhented from tixQ two preceding centuries a 
framework of metaphors drawn from a pie-esastmg technology Navigation 
and water power have now ceased to play a proniment part in the daily 
experience of most of us For that leason the analogy of Vave^ or “current” 
IS hable to mystify us unless we firmly grasp the significance they had for an 
earher generation of sciennfic workers To understana me wave theory of hght 
it IS first essential to understand how sounds are produced and commumcated 
to oui ears 

Sounds may be proauced by the vibration of a strmg as with the Violm 
and piano by the vibration of a diaphiagm^ membrane, or metal plate, as 



Fig 

bixnple apparatus tor measuring frequency of a tuning foik accurat»'‘ly The tip of a 
pendulum with a complete penod of one half second just dips mto the mercury makmg 
contact m the signal circmt eveiy half penod when it reaches the verucal position 

With the drum, the gramophone, the bell or the telephone, by the vibration 
of a column of air as m a tin whistle or organ, or by concussion between 
sohds or liquids as when an explosion or splash is heard Common to all these 
sources of sounds is the fact that air is set m motion to and fro If air is 
exhausted from a vessel m which an electnc bell is suspended no sound is 
heard when the current is turned on 

That different quaht^es of soimd are produced by different rates of vibration 
IS easily shown m various ways, of which the simplest is to fix a hair or thm 
pomter of tissue paper to one prong of a tuning fork, and trace a wave-hke 
image of its movements, when struck, on the smoked surface of a revolvmg 
cy lin der (Fig. 196) If the speed of the cylmder is constant, two tuning forks 
which emit the same musical note will trace out the same number of crests on 
the same length of smoked surffDce, and tuning forks which emit different 
m usxc a t notes will trace out different numbers. The number of wave crests (or 
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troughs) traced out m a second is called the fiequency of the tuning foiK or the 
frequency corresponding to the note It can be conveniently determined if a 
signal of essentially the same construction as an electiic bell^ designed to tick 
out seconds, is made to write on the revolvmg surface below or above the trace 
of the vibrations which the tumng fork executes >XTiat are called pure musical 
notes correspond to a fixed frequency of some vibratmg object like the 
prongs of a timmg fork, the air column of an organ pipe, the strmg of a 
harp, or the diaphragm of a gramophone The frequency of middle C is 261 
vibrations per second * Few bodies when struck vibrate as a whole So most 
soimds are combinations of notes of different frequency, harmonizmg or 
otherwise with our aesthetic preferences Hookers law of the sprmg shows 
how any body can be made to execute vibratory or periodic motion when 
stretched, and if you apply the argument on p 293, you will sec that the 
frequency of vibration of a strmg can be calculated from its length and mass^ 
if Hooke’s elastic constant k has been previously found Halvmg the length 
at fixed tension doubles the frequency and mcreases the pitch by the mterval 
that we call an octave 

Each vibration of a source of sound sets up an alteinatmg sequence of 
compression and rarefaction m the air immediately m contact, as illustrated 
m Fig 199 Whenever the air is compressed, the air m its immediate vicmity 
IS rarefied So a tram of alternate regions of compression and rarefaction 
spread out m all directions from the vibratmg source, just as npples spread 
out from the spot where a stone strikes the surface of the pond At any 
position m the wave tram the air is alternately compressed and rarefied 
with the same frequency as the vibrator which produces the soimd Thus 
a pure musical note corresponds to a particular firequency of vibrauon m the 
air between the instrument and the ear The proof of this lies m the pheno- 
menon of resonance, which is the basis of all reproduction of soimd by 
mstruments like the gramophone and telephone, or magnification of sounds 
by loud speakers If a tumng fork is made to vibrate near another of the 
same frequency the latter takes up the note and is itself audible, when held 
close to the ear This only happens if both tumng forks have the same 
frequency The only way m which we can easily imagme how this could 
happen is that the air vibrates m umson with the two forlts 

A flat membrane or plate when struck emits a great variety of vibrations, 
and will consequently resonate to a great vanety This fact underh^the 
construction of the gramophone The instrument used for makmg the record 
IS essentially like the one used for playing it A flat diaphragm transmits 
vibrations m umson with the frequency emitted by a neighbourmg source of 
soimd to the holder of a hard steel ne^e, which makes minute mdentations 
on the blank record When a needle similarly attached to a diaphragm moves 
over these mmute notches, it forces the diaphragm to execute similar vibra- 
tions which commumcate motion to the surrounding air preasely similar 
to the air vibrations which were impressed on the blmik record The drum 
of the human ear is a resonator of a similar type to the diaphragm of the 
gramophone It only responds to vibrations between a lower frequency of 
18 per second and an upper frequency m the neighbourhood of 30*000 per 
^ New Philharmomc pitch The old value 256 is used in our numencal ihustratioiis,. 
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second The limits are not quite the same for all people Some mdividuals 
can hear the shnll squeak of a bat Others cannot hear notes of such high 
frequency The limits also vary \ery greatly in different species of animals. 
Some animals can guide their movements m the dark, because their ears 
pick up vibrations which our own eais cannot detect 

The vibration of the air betv’^een one tuning fork and another vibratmg 
m resonance with it might be imagmed to happen m one of two ways First 
we might suppose a column of air surgmg to and fro hke a piston rod fixed 
between the two prongs, or a column of water forced backwards and forwards 
through a tube There are several reasons why this cannot be true, one 
bemg, that sounds do not trav el instantaneously. The only alternative is that 



Big 10/ — Simple Apparatus for Showing Interierence of Sound 

the vibrations are transmitted through the air m the way descnbed, just 
as npples on a pond spread out from a region where a stone is thrown or a 
stick is stirred m it. This alternative is supported by two other phenomena 
connected wnth the production of sotmd One is interference The other is 
the **Doppler effect ” 

Genei^y speakmg, the effect of hearmg two identical notes played 
together is an mcrease in the volume of sound In certam circumstances 
simultaneous notes of the same frequency from two different sources mter- 
fere. That is to say, neither is heard. One way m which the phenomenon 
can be demonstrated is to strike a tuning fork, hold it near the ear, and rotate 
it by the handle. It will then be noticed that m certam positions, at the same 
distance from the ear, the sound is mtensified, and m other positions no 
sotmd is heard A better demonstration which shows the nature of the 
phenomenon is to blow a whistle m the end of a tube with two arms (Fig 197) 
leading to the ear If the length of one arm can be altered by a shding tube 
iike that of the trombone, the sound of the whistle alternately mcreases to 
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a maximum and is silenced as the length of the adjustaole tube is gradually 
diminished or made greater In this device theie is only one vibrator So if 
the air surges to and fro as a smgle column m each of the two arms leadmg 
to the eai, alteimg the length of one of them would not prevent the air 
column m it fiom keeping m step with that m the other The alternative 
theory that sound travels m altematmg regions of compression and rare- 
faction makes it eusy to understand what happens If the lengths of the two 
arms are not the same, a region of compression at the end of one arm may 
comcide wnth a region » jxefaction at the end of the other, and vice versa 
alternately (Figs 199 and 2ui)) 

To form a clcarei picture of the nature of mierference^ it is necessary 
to recall that sound uavels with a definite speea in a given medium In air 
at 15"" C this is about 1,120 feet per second The time which elapses 
between seemg the C^sh and hearing the noise of an explosion is directly 
proportional to the oistance For practical purposes we assume that the 
transmission of hght from the source to the eye is instantaneous, that 
IS to say, the mter\^al is neghgible as compaied with the time which elapses 
between the emission of the sound and the moment when we hear it To 
say that sound travels m air at about 1,100 feet per second, therefore, means 
that if we are a mile away from a gun, approximately 4^ seconds will mter- 
vene between scemg the flash and heanng the sound, or 9^ seconds if we are 
2 miles away With modem apparatus, the speed of sound m water (about 
4,700 ft per sec ) can be found by connectmg a microphone with an electric 
signal recording on a revolvmg cyhnder, while some delicate time*signal, 
like a vibrauag tuning fork, gives a simultaneous tunc traemg The nnao- 
phone picks up an echo as well as the origmal detonation The wave trace 
of the time maikcr gives the mterval which elapses between the detonation 
and the echo Ihus if the time marker is a tumng fork emitting middle C, 
and 10 w^ave crests mtervene between the two microphone signals, the m- 
terval is IG — 25G, or one-sixteenth of a second In this time (0 the soimd 
has reached the sea floor and returned, traversmg twice the depth (d) So 
if the depth is known, the speed is easily calculated, bemg 2d — ^ 

Once this speed (s) is known the depth of any ocean can be found, by 
the same method, smee d = \st This is how ‘‘soundmgs” of ocean depths 
are made m modem oceanography Another appheation of the speed of sound 
IS made m warfare to determme the position of a concealed field battery, at 
an unknown situation X Three microphones arc placed at measured dis- 
tances from one another, and the mtervals between the time when the sound 
reaches the first and the time when it reaches the other two is recorded at 
headquarters with electnc signals The reconstruction is shown in Fig 198 
The fact that sound travels with a definite speed xmphes that the path 
along which the disturbance set up by the vibrator proceeds must be divided 
up at any instant m a regular way, as shown m Fig 199, The stnng of a 
violin or diaphragm of a telephone vibrates to and fico, hke a piston, pressmg 
on the neighbourmg layers of air and sucking back Matter does not change 
Its state of motion instantaneously The force with which a stretched string 
ir diaphragm presses or pulls on the air m contact with it is measuired by the 
%ccel 0 Tutton it imparts This m^ns that it takes time ibr a cdhimn trf art to 
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mo\e forvfard with the same speed as something pressmg on it or pulling 
It So tne Suimg or oic’pliragm can cjq 1> niot^e forcmg the air m front of 
It to occup^^ a smaller or larger space A vibrator cuch as the strmg cf a violm 
vs^hen stretched to'vvards the nearer comp-.esses the ers of air immediately 
m front of it^ and this region of liign den«irv oo’- es To: ward a speed S 
(Fig If we call the time of z T we may divide the 


>: 



Fig 19S — Sound Ranging in ARTH-CEaY 

A, B, C are stauons with miciophones at known distsmces apait The microphones 
record simultaneously with an elecinc signal and timekeepers (^on the same general 
prmciple suggested by Fig 196) at Headquarters X is the hidden field battery The 
sound IS heard first at A At B it is heard t seconds, at C, T seconds ^er A If S is 
the speed of sound, it travels Sr feet durmg r and ST feet durmg T seconds Hence 

XB — XA Sr 
XC — XA ST 

Describe circles about B and C of radu XB — XA and XC — XA respectively The 
location of X is now the trigonometrical problem of finding the centre of a circle 
which just grazes the circumference of the first two circles ana also passes through A 

period between a forward swing (1) and the next forward swmg (5) mto three 
phases In (2) the strmg has swung back to its unstretched position, and is 
neither pressmg on the neighbouxmg layers of air nor sucking them back 
A quarter of a period later (in 3) it has swung backwards as far as it will go, 
sucking on the neighbourmg layers of air, and creatmg a r^on of low density 
At the end of the next quarter of a penod the strmg is agam unstretched 
and the surrounding air is at normal pressure At the end of another quarter 
penod It has swung forwards as fiu: as it will go, creatmg a region of high 
pressure m the layers of air just m front of it Durmg the complete penod T 
the first compression has moved over a certam distance from the string, where 
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the neighbouring air layers are also m a state of compression So the distance 
W between two adjacent regions of compression (or two regions of rarefaction) 
in the track of the sound is the product of the time T and the speed or 

W = ST 

If the strmg is vibratmg with a frequency of n complete vibrations (forward 



2W 



Fig 199 

Diagrammatic representation of successive changes of pressure in a sound tracks 
startmg from a vibratmg strmgj showmg how the speed of sound (S) is connected 
wi^ the *‘wavc length*' (W) and period (T) of time occupied by one complete 
vibration 

Speed « Distance — Time 
« W — T 


If one vibration takes T seconds/^r vibrattons occur m one second If the frequency 
IS n per second * ^ 



Hence 


S « Wj» 
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bacK to the forvvard stroke) per sec^^nd^ it maKes one ^^loration m 1/n seconds^ 



n 


Hence^ according to the hypothesis we are going to test, the speed of sound, 
the frequency of the vibrator, and the “wave-lengtn’’’ W, are connected by the 
simple formula 

S = W« 

The reason for calhng the distance W a ^ave-lengtk is that every layer of 
air m the track of a sound suffers compression and rarefacuon m alter- 
nate half periods of the vibrator, just as everj" particle of water m the 
path of an advancmg wave altemarelj moves above and below the normal 
level of the water w^hen at rest If we could maKe a graph (Fig 203) by 
plottmg time along the x axis and the pressure ol any thin shce of air m 
the sound track above (-^) or below (— ) the normal pressure of the air, it 
would be exactly like a graph of the upward and downward movements of a 
cork, floatmg on water as a wave progressed along the surface, made by 
plottmg tune along the x axis and the displacement of the cork above (+) 
or below (— ) the restmg level of the water along the y axis It would also 
be mathematically eqiuvalent to the horizontal or vertical displacement 
of a body movmg m a circle, as seen m Fig 195 

We have seen that the phenomenon of mterference is very difficult to 
explam by any hj’pothesis other than the one w'hich is illustrated m Fig 199, 
and we can now put it to a more severe test To be useful it must do more 
than explam how mterference might occur Smee a scientific h 3 rpothesis is 
first and foremost a guide to conduct, it must tell us how to establish the 
conditions m which mterference will occur For simphcity we will take 
as the source of sound m an experiment like the one m Fig 197, a tumng 
fork givmg 280 complete vibrations per second Oust below middle D and 
above C sharp). To make the calculation simple let us also suppose both arms 
A and B m Fig 197 are 10 feet long The wave-length of the note m air is 
given by 

1,120 = 280 W (feet) 

W = 4 feet 

So, to begm with, the soimd track m each arm is 2 J wave-lengths (Fig 200; 
Imagme an mstant of tune when the air m the neighbourhood of a prong 
of the tumng fork may be rarefied At the pomt where both arms lead mto 
the earpiece a region of compression will then exist Half a penod later the 
air at the beginning of the sound track will be compressed, and at the earpiece 
it will be rarefied Suppose that we now extend the arm B to 12 feet, makmg 
it half a wave-length longer The disturbance at its end will be a compression 
when the disturbance at the end of A is a rarefaction, and vice versa. In the 
earpiece compressions and rarefactions arrive together, each neutralizing the 
eflFect of the other So the air m the earpiece will remam at rest and no sound 
will be heard. If B is now extended to 14 feet (3| W) so that it exceeds the 
length of A by a complete wave-length, the air at the ends of both tubes will 
be m a state of low, normal, or high pressure simultaneously The sound 
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Will be loud again On e\tendmg B by another to 16 feet silence will 
resuh, and so on In practice the apparatus shown in Fig 197 is not the best 
type for putting the h3rpothesis to the test of actual measurement^ smee the 
sound track does not foUow a straight Ime Hov.ever^ it is easy to devise 
apparatus with which we can show with great accuiacy that silence occurs 
at any point w'here the disturbance, arriving along one sound track, difiers 
by a half a period, or an odd number of half periods^ from the disturbance, 
airivmg along another sound track, from the same vibrator 


B >Th tlZO^S L3 L I* 



Lui\ tube WT lutu^r 

rnn rm~T\ 
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Fig 200 — iNTERnMNCP in Two Sound Tracks Differing by Half a Wave-Length 


There are several other ways m which this view of the nature of sound 
can be tested In the last chapter we found that Hookers law allows us to 
calculate the frequency with which a weight bobs up and down if we know 
the density, physical dimensions, and elasne constant K, of the spring Air 
also has the characteristics of a spring, and Hooke himself established an 
analogous law for the “sprmg of die air” as he called it If we have found 
the elasuc constant for air, we can also calculate the frequency with which 
a column of particular length wiU vibrate Hence the frequency of the note 
given out by an organ pipe can be calculated, and so also, as Newton first 
showed, the velocity of sound m air ^ As a ^eck on the hypothesis both 
these quantities can be found by other means 

* The frequency of a vibrating string is given by « « where n is the number 

of vibrauons per second^ / is the length m cm , F is the force or tension m dynes and 
tn the mass of the strmg m gm cm length 
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V’e can a^so infsr the e^stence of a phenomenon vihich ^^e now encounter 
m ever^aav hfe t^^ough the circvzirxSt£iicea xcr erJ^ing it cud not exist when 
our present oehcf about tl*e nc ot sound v as nr^l tested cut If 5 ou have 
oeen sMnJmg b} a ronva} traci’ v^bcn an ei pxcss xs blGr^mo; us \rhisde as 
passes 5?ou^ >cu ria> ha\ e notice*^ a sudden ciiorgc cf pn n at the moment 
of passm:? This iS ctn e *a*nple of ^’fhat xS itno»>n as dre Doppler effect^^ after 
me ph3'Sicisi who pointed out Us existence as a n^c^^sHiy consequence of 
the theory, before it hrd been noucei Its chief jntetesit lies m ics beaiing 
on the nature of light To understand it ;ie m^s ar'»w a cusLinction vmch 
is not necei.Gorj’’ to long *iS ^’e dzp* the rcr^cn vtbo c** sound 



Fig 201 — Seventi*emh-Cfnto» Y Illustiumio ot GL>\i>s Jar ConjmEcted with a 
Vacuum Pump to show trtli the Sound or the Bn i is Onl^ Hfakd When Air 

Present 'n the Jar 

is at rest relative to the source of sound, or mo\ mg at a slow speed compared 
wnth the speed of sound m air To begin with we distmgmshed musical 
notes by the frequency or penod of the vibrator Thus middle C is the note 
which we hear when a viohn strmg vibrates as a w hole, with a frequency of 
25G vibrations per second or a period of 7 ^>t»th of a second If we are, com- 
paratively spealang, at rest this is transmitted to us along a track m which 
at any given instant successive layers of compression or rarefaction are 
separated by a distance 1,120 — 250 = 1 feel mchcs We might there- 
fore equally well say that the note we «ire descnbmg is one which reaches us 
by a sound track of wave-length 4 feet 4^ inches Suppose, on the other 
hand, that we are tnovmg rapidly m the direction of a source of sound The 
tune taken for a disturbance, starting at the vibrator, to reach our ears w'lU 
be less or greater, according as we are moving towards or away fixim it 
Relatively to ourselves the speed of sotmd is greater or less than it would be 
tf we were at rest The speed of a sound relative to anybody who hears it is Ww, 
So if the relative speed of sound changes, either W or w must be different ftom 
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Its previous value We might therefore say that the wave-length remains the 
same, and the vibrator appears to have a different frequency Smce the fre- 
quency of the vibrator is directly measurable, we may equally well prefer to 
say that the wave-length has changed Whichever we choose, the fact remams 
that the vibrator no longer appears to have the physical characteristic which 
defines the particular note which we hear when we are at rest 

The argument is more easy to grasp if you consider the person hearing 
the sound to be at rest, and the source like the engme whistle moving towards 
or away from him If the vibrator m Fig 199 is at rest along the sound track, 
a compression startmg as m (1) covers a distance W durmg one complete 
penod of vibration, by which tune another has been generated In the period 
T the distance covered would be ST feet This is then the actual wave- 
length of the sound track If the vibrator is movmg m the direction of the 
sound track travellmg towards the observer with a speed it will move 
forward through t^T feet m a tune T and the next compression begms 
ST — vT feet behmd the preceding one Thus the wave-length wiU not 
be ST but (S — z>)T If the source moves away from the person hstemng 
to the sound, it wdl be ST + ®T feet from the wave front when the next 
compression is generated, and the wave-length will be (S + n)T So at the 
moment when a tram passes by a person hstemng to the whistle, the soimd 
expenences a sudden mcrease of wave-length firom (S — vfl to (S + «^)T, 
1 e by an amoimt 2vT 

To make this more definite, imagine an aeroplane flymg at 191 miles per 
hour or approximately 280 feet per second, dose to a high buildmg from 
which a steam whistle is blowmg, the pitch of the whistle bemg two octaves 
above middle C, i e a frequency of 1,024 As it approaches, the wave-length 

^ ^ ^ (1,120 — 280)^ 

of the sound is ^024 ft = 10 m (approx )♦ If the aeroplane were 


at rest a wave-length of 10 mches or 5/6 foot would correspond to a frequency 
of approximately 1,344 vibrations per second A vibrator of this frequency 
would emit a note nearly a third of an octave higher than one with frequency 
1,024 on the natural scale So the aviator hears a much higher note than the 
man m the street On passmg the buildmg the wave-length of the sound 
(1,120 + 280) 

' i 0^ ^ ^ mches (approximately) A 


which reaches him is 


sound of this wave-length would correspond to the note given out by a 
vibrator of frequency 840 So the aviator hears a note about two-fifths of 
an octave lower than the man m the street The total change which the 
aviator expenences as he passes over the buildmg is a sudden mcrease of wave- 
length 2vTy 1 e 560 — 1,024 feet or approximately 6 mches. 


TOE NATtIRB OF LIGHT 

Although the hypotheses which have been advanced m the study of sound 
involve diflScult reasoning, they do not come mto violent conflict with our 
first-hand •impressions of nature. Similar h 3 rpotheses, which have been very 
fiuitful m leadmg to the discovery of new knowledge about the nature of 
hght, mtroduce us mto a realm of bewildering paradoxes if we start with 
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wrong ideas about the nature of scientific enquiry Science is not a photo- 
graphic picture of the real woild winch exists independently of our views 
about itj and will continue to exist when we are no longer part of it It is an 
ordnance map which guides us m finding our wa}’' m it The moimtam 
peaks are not pamted browm because the> really are of that colour The 
brown is put there to show us where it would be waste of time to build a 
railway track or appropriate to erect a sanatorium The endurmg fact about 
the real world is that there is fat the time of speakmg) a mountam peak m 
such and such a place The colour is tne hypothesis whicn is useless without 
the key proaded by the colour scale at the foot of the map If you grasp 
this firmly you will find no paradox m the statements that hght travels m 
wavesj and that there is nothmg m which the waves travel 

Much that is written about science for people w^ho want to know more 
about it merely consists of a scalioldiDg of metaphors of this kmd To say 
that hght travels m wa\ es is a metaphoi wnich means as much as the brown 
colour of the mountam peak Everything depends on whether you know 
the colour scale which teUs jou the height Useful and fhutful facts are the 
permanent contribution of scientific enquuy to the edifice of human know- 
ledge, and h5^otheses are the scaffoldmg of metaphors This may be illus- 
trated by takmg a useful and fruitful fact of great antiquity To say that the 
obhquity of the echptic is appioximately 23|® makes it possible for anyone 
to calculate his latitude, knowmg the day of the year, or to find the day of 
the year if he knows his latitude Its usefulness as a guide of conduct is not 
dimimshed m the shghtest degree, even if we no longer accept the hypothesis 
which led the Babyloman priesthood or the Chmese astronomers to discover 
It about three thousand years ago 

Romeros hypothesis, that hght travels with a fimte speed, followed about 
thirty years after the first determmation of the speed of sound by Mersenne, 
who perfected the seconds pendulum Eour of the sateUites of Jupiter revolve 
very nearly withm the plane of its orbit, and are hidden m its shadow once 
m nearly every revolution Romer had determmed their periods and orbits 
accurately enough to know how much error could arise m calculating at what 
mtervals echpses will recur, and the calculation can be venfied whenever the 
Earth and Jupiter are m the same position relauve to the sun On calculating 
the time of an echpse when Jupiter was near conjunction from the time at 
which a particular echpse occurred when it was m opposition, he foxmd 
that the observed time was retarded by 16f mmutes 

There are several conceivable ways m which he might have modified his 
ongmal hypothesis For mstance, propmqmty to the earth might exert some 
specific influence on the motion of the sateUites Alternatively the esqplana- 
tion does not he m their motion, but m the conditions for observmg them 
The second possibihty is suggested by our experience of sound Suppose at 
one place we observe that a gun fires at*fexacdy noon every day If we set a 
watch accordmgly, and move ten miles farther away from the gun, we shall 
not hear it when the dial pomts to 12 on the followmg day The soxmd wiU 
reach us about 47 seconds after noon This retardation is not the only physical 
fact conveyed by saying that sotmd travels with a certain fimte speed By 
Itself It might be due to the fact that the time of firing changes every tune 

1* 
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we happen to move This can be rejected for tvio reasons One is that the 
same experience also happens to other people The other is the measurable 
time which elapses between hearmg a soimd and its echo 

According to Romeros observation^ an event which was timed for, let us 
say, midni ght occurred at 16 j mmutes after This retoidation, winch occurs 
when the distance of Jupiter is mcreased by the width of the earth’s orbit 
(2 X 93,000,000 miles), is one of the physical facts imphed by saying that 
hght travels at a speed of 


2 X 93,000,000 
IGi X 60 


180,000 mnes per second 


Hov/ever, there is more than this unpheJ m the statement that light 
‘‘travels” at 186,000 nules per second Wc can make various calculationb 
analogous to those which we have made m conne’aon with measurements of 
sounds, if we pursue the metaphor suggested by the track of bullets, as 
Newton did, or by a succession of ocean waves, as Huyghens preferred to 
do Thus astronomical retardation agrees with measuiements ’'hat can be 
made m the laboratory correspondmg to measurmg the rctardaaon of an 
echo It IS possible to measure the mterval which occurs between the time a 
beam of hght leaves its source and is reflected back agam Tins mterval 
depends, like the retardation of a sound echo, on tne total path which the 
beam of hght traverses 

A simplified apparatus showmg the essential features for measuimg the 
rauo of the distance to the retardation, i e the speed with which hght 
“travels,” is seen m Fig 202 JLight falls from the source S on a seini-uans- 
parent mirror at A Some of it passes through the latter, and some of it is 
reflected towards another mirror C, situated at some considerable distance 
(e g about 10 miles). Near A at B there is a toothed wheel between the notches 
of which the hght has to pass on its way to C and on its return journey to the 
semi-transparent mirror A, where some of it passes through to be seen by the 
eye If the wheel is rotated at a low speed the bnghtness of the beam which 
reache*' the eye is first reduced until it eventually disappears when a certam 
speed IS reached Then it reappears and on doubimg the speed it becomes 
bright agam A further mcreasc results m dimming and so on. If we compare 
the madent and reflected hght to a shower of bullets boimcmg back from a 
target along their ongmal path, there must be a speed of rotation at which the 
hght passmg through the middle of a notch has oj^y just enough time to reach 
the mirror C, and get back to the wheel before the next tooth obstructs its 
path, so that all the hght reflected from the first mirror is intercepted at its 
return journey If n is the speed at which disappearance first occurs, the 
time taken for this to happen, when the wheel has x teeth, as shown m the 
legena of Fig 202, is 

1 


During this time the light traverses izmee the distance D between B and C, 
so the speed of hght is 


2D- 


1 


2nx 


4mcD 
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lx tae Speed furaier inc> 2 asec. to j/ le’^olataons^ the wheel lotates from the 
middle of 0 n j.ch to the miache of the ne’^ tooth bat one This is the speed 
31 - uhicn disappearance next occurs^ the speed of light bemg 

dD — ~ : ?ixD 

a u 

Of course, ?**. must be ^p^rc ^ -la e*3 three times > , ii tne reasoning apphes 
to the facL^'j ana the tivo ieterinmar^ons sno^d lead to the same result 





Fig 202 — SiMPLiriLD Aj?p\r.\tus for Finding the Speed of Light 

If there are x equally spaced teeth and notches (6 m the figure for simplicity) and a 
IS the angle between the middle ot a notch and the middle of die next tooth 



1 e a 30® if tliere are 0 teeth and 6 notches A wheel turns through 360® in one 
revolution If it routes at n revolutions per second^ it goes through (3G0 x w)® m a 
second, and through one degree m 


1 

3bU X n 


seconds 


and through a m 


300® ^ I 1 - 

X ■ — = 5 — seconds 

2 x 360 X n 2 nx 


1 his IS the time taken to rotate between the middle of a notch and the middle of the 
neict tooth To rotate between the middle a notch and the middle of the next tooth 
but one, it must go through an angle 3a, i e 


3 360 - 

g X — degrees 


If the speed of revolution is then m per second, the time taken to do this is 


3 

tmx 


secs 
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Actually it is best to take the average of the two For instancCj suppose the 
wheel B and the mirror C are 5 miles apart, the number of teeth 720 and 
the speeds of rotation at which disappearance occurs first and next are 13 and 
38 per second We have now two values for the speed of hght 

4 X 13 X 720 X 5 = 187,200 miles per second 

^ X 38 X 720 X 5 = 182,400 miles per second 

The mean m this case would be 184^800 miles per second Terrestrial 
determmations of the speed of hght agree with the astrononucal estimate 
with an accuracy of one part m ten thousand 

Accordmg to the reasoning used m the design of this experiment and the 
calculation of results, the situations m which changes m the real world 
excite our organs of hearmg and vision resemble one another m three ways 
Usmg the customary abstract noun as a convement metaphor, we say three 
things about hght First, hght follows a definite path The space between 
a source of hght and the eye has local characteristics If it is charged with 
dust particles a ‘‘beam” is visible to a second observer, and shadows are 
only cast where objects are placed m the region limited by the beam Second, 
a beam of hght can be turned back on its own course, or as we say “reflected,” 
hke the echo of a sound Third, the time at which an object appears to be 
visible depends on how far it is separated from the observer’s eye 

But for one unfortunate circumstance there would be nothmg remarkable 
about these similanties Hearmg is only possible if there is a substantial 
connexion, eg air or water, between the organ of hearmg and the sotirce of 
sound, or between any resonator which acts as a source of soimd and another 
vibrator to which it responds (Fig 201) This is not true of hght We can 
see objects separated from our eyes by space which is not filled by an3rthmg 
which we can weigh If, for instance, an electnc hght bulb and an electnc 
bell are suspended m a bell jar from which all the air is exhausted, the bell 
becomes maudible nil air is readmitted, while the hght is just as visible 
throughout the experiment This is a formidable objection to pursumg the 
analogy further When we say that sound travels m waves, we mean two 
things One is that at any region m the soimd track, the air or other medium 
becomes successively more and less dense than it would otherwise be The 
other IS that at any mstant of time a measurable distance separates successive 
places where the medium is more or less dense The first is what we mean by 
frequency The second is what we mean by wave-length, and the two are 
coimected with the speed of sound m a defimte way Smee hght can pass 
where there is nothing weighable, its path cannot be mapped out m regions 
of varymg density m a hteral sense Consequently the sumlanty seems to 
break down 

In spite of this there are a variety of facts about hght which encourage 
us to look for further similarities, and we may be less surprised to find this 
IS so if we bear m mmd the real nature of the similarity between a sound 
wave and a wave of the sea The fundamental similarity is that the displace- 
ment of a particle of water m the track of a sea wave and the density of a thin 
layer of air m the soimd track can be represented graphically m the same 
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form (Fig 203) Measurements \^lLich m\ol\e the way these quantities vary 
from time to time can, therefore, be expressed algehi aically m the same form 
The resemblance between two patches coloured dark brown on an ordnance 
map does not he m the physical pioperty of colour Mountam peaks are 



Fig 2o3 

The giaphical representation or the variations ot densi>> in a sound track is a wave 

form. 

generally white The key to the resemblance, imphed m saving that soimd 
is a form of wave motion, lies m the sort of mathematics which is used m 
connexion with sound measurements 

A phenomenon which encourages us to search for similarity between the 



Fig 204 

Obstrucuon of hght by two crystals of Tourmahne placed with their long axes at right 

angles 

kmd of measurements which we can make m studymg light on the one 
hand and sea waves on the other, is a change which sometimes occurs when 
a beam of hght passes through a mineral crystal This phenomenon called 
polarization was first studied by Huyghens It is very well seen when a 
beam passes through a crystal of tourmahne cut mto two shces parallel to 
Its long axis If the shces are placed in line so that the long axes are 
parallel (Fig, 204) a source of hght can be seen through them, though not 
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as brightly as when the crystals are taken away There is no visible change 
if both halves are rotated simultaneously If one is rotated shghtly while the 
other IS held m posmon, the source becomes dim When the long axes of 
the two crystals are at right angles complete darkness results Rotatton through 
another right angle restores the original brightness The crystal acts like a 
grating It only allows some of the hght to pass through^ and the part of 
the beam which does so can pass through a second crystal in which^ to 
use the same metaphor, the shts of the gratmg are parallel to those of the 
first Though a hailstorm of bullets might seem a moie appropriate parable 
for the experience that hght passes through a vacuum, the analogy of 
waves IS the only one which f ts polarization (Fig 205) Bullets could pass 
freely wherever the shts of the grating crossed Wt ^es sent along a skippmg 
rope held between the shts of a giatmg can oidy pass if they occur m the 



Fig 205 — ^Waves Like Displacements Along a Skipping Rope ObstrliCitd py 

Two Slits at Right Angles 

plane of the shts, and are completely obstructed by a second gratmg with 
shts at nght angles to those of the first 

The wave analogy was suggested by Huyghens, the bullet analogy by 
Newton Newton^s reputation was m the ascendant, and further theoretical 
mterest m optical theory declined after Newton’s work on the spectrum, till 
pracucal saentific mstrument makers solved the problem of making achro- 
matic lenses The issue of Dollond’s patent m the latter half of the eighteenth 
century prompted a commeraal demand for large telescope lenses of high- 
grade glass, and the renewal of mterest m the theory of hght followed the 
mvention of a process for makmg optical glass m thick homogeneous slabs 
durmg the closmg years of the same century There was steady progress 
durmg the jBrst three decades of the nmeteenth century, an enormous im- 
provement m optical instruments, and with it a new dnve to theoretical 
research For example, the Qimmittee of the Royal Astronomical Society 
commissioned Faraday in 1824 to mvestigate the chemistry of optical glass 
production, and Foucault, the French physiast, mvented new methods for 
pohshmg large discs of flmt glass In England Young, and m France, where 
Laplace was the centre of an influential school of astronomers, Foucault and 
Fresnel, returned to the problem which had been neglected for more than a 
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centui} ard eluadated die phenomena of interference and diffraction 
whij^b had emerged already m Nekton’s v/ork on colour fringes 

You mdY say that Huyghens^ hypothesis was merely reasoning from 
analog}’ In our childhood and adolescence we are continually warned agamst 
the fallacies that be^et t^'is iretliod of argument The truth is that analogy 
IS a ver} po verbal instr undent of scientific reasoning, and most of the really 
frmtful know n facts about nature ha^ e been discovered by reasonmg from 
analogy, often antilogy of a verr’ crude kmd Analogy lute any other mstru- 
ment m tfxe teclmique reasonmg is helofr l or harT" i\l according as it is 
j^ed to suggest further cnquir} oi to close the door to it If, like a man of 
saerce a ciafrsmcn, \ to ^et someAmg done, you cannot afford 
to ror^ nsks of me\pe--eace So analogy Vvili point the road to new dis- 
cc^ence If, Li ^ cm eccnomis., ~,ol wanL e^^cuses for lea\mg thmgs as they 
aie^ vL ^ '•-iti ac as '^ou \ant 

s. of L ^ T^nch “^^e vcvc anriogy has stimulated 
tc n ico.ec the enon te provides the simplest 



Fig 206 — iNTini bands Formed by Tv\o Mirrors on a Screen 

illustrauon of the way m which the same kmd of mathematics can be used 
m calculatmg measurements of light or waves We have seen m what cir- 
cumstances two sounds can combme to produce no audible effect In 
analogous circumstances two beams of light can produce darkness To 
demonstrate interference of sound directly w’e have to use sound tracks 
of the same wave-length, and this is generally done by foremg sound to 
leach the air by paths of different length from the same vibrator The 
white light by which we usually see thmgs is not pure It is a mixture (p 169) 
of several kmds of coloured hghts, just as most of the sounds we hear are 
the result of simultaneous vibrauons of different frequency If two notes 
of a chord were sounded together m a tube like the one shown m Fig 197 
we should not get complete silence as the result of changmg the length of 
one arm An extension of the adjustable tube sufficient to produce mter- 
ference of one note would not lead to extinction of the other Increasmg its 
length would result m hearmg first one note alone, next the other note alone, 
then the complete chord, and so on Many situations occur in which we see 
a region of brightness spht up mto bands correspondmg to the complete 
chord of the spectrum altematmg with coloured fhnges like the spectra 
produced by pnsms* You have probably seen this effect when the moon i^ 
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surrounded by clouds, and ^ou can always observe it by looking at the sun 
between the gap of two fingers piessed close together In the laboratory it can 
be produced m vanous ways, such as focussing hght on a screen from a narrow 
sht through two edges of a prism simultaneously, or by reflection from two 
mirrors mclmed at a very small angle Another way is to make hght pass 
through a very fine grating of paiallel shts, like the fine shts between the hairs 
of your fingers When pure spectral Lght, like the yellow glow produced when 
a pmch of common salt is throw n m the non-lummous flame of an oil cooker 
or blowpipe flame, is used mstead of white hght, bands of pure coloured hght 
alternate with streaks of complete darkness 

ObtULSQ 




The distance which separates these interference bands has a definite 
relation to the conditions of the expemnent It vanes according to the dis- 
tmce of the source and screen from the pnsm, etching, or mirrors, the angle 
of mchnanon of the mirrors or pnsm faces, and the distance apart of the 
etdwgs in a diffraction** gratmg If the same conditions are reproduced the 
bands are the same distance apart so long as the same fcmd of pure hght 
IS ^ed So we can assoaate a particular measurement with hght of a pamcukr 
colour, Jim as Pyth^oras foimd that a particular length of a string is charac- 
ten^c of a p^cular musical note By itself, the discovery of Pythagoras 
TOuld not tell Ctesibius how long to make the pipes of his oigan So likewise, 
by themselves, the measurements which tell us how to get VnHg 

for a cert^ kmd of hght with two mirrors do not tell us how to get the aarne 
^uit with a pnsm Before it was possible to calculate the of an 
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organ pipe, which will give a note equivalent to one produced by a string 
of knovTi length, thickness, tension, and elasticity* it was necessary to find a 
number, which defines it mdependendy of the nature of the instrument used 
to produce it This number is its wave-length 



Fig 208 — Calculating the Distance Apart of the Two Images from the Same 
Source When Two Mirrors are Inclined To one Another at an Angle 180®-ib, 

b Being Small 

The image of the sht S m the upper mirror appears to be at A, the same perpendicular 
distance (AX) behmd the mirror as separates the mirror from the slit The ray so 
stnkmg the mirror at its edge O also appeals to come from A at the same distance 
from O as S, i e OA ~ OS The image of S m the lower mirror appears to be at B, 
and for the same reasons SY = BY and OB ~ OS Hence OB = OA and the two 
images A and B, together with S the sht, he on the same circle of radius OS “ r 

Tlie mangles 20Y and ZXS are both nght-angled with a common angle c So the 
third angles b are equivalent The angle ASB ( = &) stands on the same arc as AOB, 
and since the angle which an arc subtends at the centre (O) is twice the angle it 
subtends at any pomt (S) on the circumference, AOB = 26 If 6 is measured m 
degrees, the length of the arc AB is 

2'nr X 2b 47rrb 
360 360 

if b is very small the arc AJ3 differs by a neghgible quantity from the chord AB 
which IS the actual distance of one image from the other 

So although a wave is merely a metaphor, a wave-length, if we care to 
use the same expression, is not The number which enables us to make 
measurements on the mterference of hght embodies a physical truth about 
the way m which we succeed m makmg correct measurements of changes 
which occur m the real world By pressing the analogy of wave motion 
farther we obtam a set of numbers which have a relation to different regions 
of the spectrum similar to the relation between the wave-lengths of notes m a 
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musical chord A wave-length m sound is a number applied to a distance 
One of Its charactenslics is that if the distance traversed by two sound tracks 
simultaneously reaching the ear from the same vibrator differs by half the 
distance called the wave-length of the note it gives out, no sound is heard 
Clearly, there is no reason why we should not find a corresponding distance 
connectmg the length of two beams of hgbt which reach the eye from the same 
source With two mirrors this can be done m the way shown m Figs 207 
and 208 

The mirror experiment depends on placmg the source of smgle-coloured 
light, which is a thm sht (S), m such a position that the paths of any two ra} s 
reflected on the screen from the two mirrors are of unequal length Light from 
a plane mirror appears to come from a pomt equidistant behmd it The paths 
of any two rays which meet at a pomt on the screen where they remforce 
or interfere are eqmvalent to the distance of the pomt from the images 
(A and B) of the sht behmd the two mirrors If the mirrors are tilted towards 
one another through a very small angle 3 (i e the angle between them is 
180"^ — h)^ so that the distance of their common edge from the sht is r, you 
wnU see from Fig 208 that the distance between the images (d) is related 
to their distance (r) from the source of hght by the simple formula 

d (when b is measured m degrees) 


So to get the distance between the two images it is only necessary to measuie 
the angle at which the mirrors are mchned and the distance of their common 
edge from the sht At any point P or Q along the length of the illummaled 
patch where the two reflected beams overlap on the screen, the paths of the 
two reflected rays dififer by a small distance which is calculable If the differ- 
ence at P IS ^ and the difference at Q, separated from P by the distanc:e PQ, 
IS Fig 209 shows that if the mid-pomt between the two images is separated 
fipom the screen by a distance D 

= ± ^PQ 

If the screen is separated from the common edges of the two mirrors by a 
distance 5, and is perpendicular, or nearly so, to the plane bisectmg the angle 
between mirrors, D = 5 -f- r Accordmg to what we have agreed to mean 
by a wave-length, if P is a pomt m the middle of a dark interference band, the 
difference m the length of the paths traversed by the mterfermg rays is either 
^ a wave-length, or 1 J wave-lengths, or wave-lengths and so on For sxm- 
phcity suppose it is 3|W Interference will next occur if the difference of 
the paths is 2^ or So if Q is the middle of the nearest mterference band 

separated from P by the distance PQ, q is either 2 JW or 4|W. Whatever p is, 
the difference between p and q is always W, i e 


or 


W«= 

w== 


D 


PQ 

4=!JTrb 


360(j -j- r) 


•PQ 
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The distance (PQ) between the middle of adjacent streaks of darkness can 
be measured accurately with a microscope It is then found that the value of 
W for 3 ^ellow sodium light (from common salt) is 0 0005893 millimetre 
(0 0000232 mch) 



Fig — DnrEREVGE BErwcE'i ife Lencih of Two Rn's Impinging on the 
Saaie Point (P or Q) or a Screen Equidistant from Two Sources of Light 

A AND B 


The point P is separated by a distance x fiom O, the point vertically opposite the mid- 
point of the line joimng A to B The distance of the sources tiom tne screen is D and 
fiom one another d Bv Pythagoias’ theorem 


AP® = (Id 4- Jtj® -t- D* 

= 1^2® + djc + V® -4- D® 
BP® =- (id — xY -r- D® 

= id® — dac + A.® + D* 
AP® — BP® = 2dic 
(AP — BP) (AP -h BP) = 2dx 


If P IS near O, and D is great compared with d, AP + BP does not differ appreciably 
from 2D 




If Q IS another pomt and OQ =- y 

AQ - BQ = g 

If p IS the difference m length of the rays meeting at P (i e AP — BP;, and q is the 
dinerence m length of the rays meeting at Q (i e AQ — BQ) 



This measurement, like the wave-length of a musical note, is independent 
of the mstrument By applying the law of refiraction in the same way as we 
have here apphed the law of r^ection we can calculate the position {d and D) 
of the two images when yeUow sodium light (from common salt) is passed 
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simultaneously through two faces of a pnsm The same result is obtamed 
from the measurement of the mterference bands^ i e W = — D) 

With pure hghts of different colour different values of W are foimd For 
descnbmg wave-lengths m whole numbers it is now usual to express them 
m lO-^miUionths of a millimetre (called an angstrom) Each colour which the 
eye recognizes as distmct corresponds to a certam range of wave-lengths, 
extending between roughly 4,000 and 8,000 togstroms The middle of the 
violet region of the spectrum corresponds to about 4,200 A , the middle of 
the blue to about 4,500 A , the middle of the green to about 5,200 A , the 
middle of the yellow to about 6,800 A , and the middle of the red to about 
7,000 A 

Although the mathematics of wave motion is not particularly easy, it has 
one comparatively simple application which brmgs out the fruitfulness of the 
wave metaphor as an aid to measurement m a very spectacular way This is 
the fact that we can calculate from measurements based on a phenomenon 
comparable to the Doppler effect, a value for the earth’s distance from the 
sun m close agreement with the value obtamed from the parallax of a near 
planet (p 210) The spectrum of sunlight is crossed by fine dark hues In the 
spectra of hght from some of the stars similar hnes appear Measurement of 
where these he by photographmg their spectra side by side with that of a 
terrestnal source of hght (like sodium hght or the iron arc) shows that they 
undergo a shght shift m the course of the year, accordmg as the earth is 
movmg m its orbit towards or away from the particular star whose spectrum is 
studied The pitch of sound is different when we are movmg towards or away 
from the source The shift m the wave-length of the dark hnes m starhght is 
analogous If the speed of the observer (p) is known, the shift can be calculated 
from the speed of hght (S) by the Doppler formula 2t?T, m which T is the 
period of the vibrator (p 328) If the wave-length is W when the observer is at 
rest, T = W — S So that the shift from a wave-length Wj when the observer 
IS movmg towards the source to when he is movmg away from it is 
2«;W — S The wave-length of the sound heard by an observer at rest may be 
taken as the mean of the wave-lengths (Wj and Wg) of the sound when the 
observer is m mouon An analogous calculation may be made for the annual 
shift m the spectra of the stars 

For a star smtably chosen the observer’s speed (p) can thus be the rate at 
which the earth rotates m its orbit If r miles is the mean distance of the earth 
from the sun, the circumference of the orbit is 27rr miles, which it traverses 
m 365 days, or 365 x 24 X 3,600 seconds Twice m the course of a year, at 
mtervals of six months, a ph3r5icist examining the spectrum of such a star can 
do so when it is movmg directly m the Ime of si^t cither towards or away 
from the source, with a speed 

o =! 27 rr — (366 X 24 X 3,600) miles per second 

Havmg found the wave-lengths of various sources of pure hght, it is possible 
to graduate the whole spectrum m wave-lengths Hence the shift of a Ime (or 
the middle of a broad one) can be expressed as a wave-length. If we sub- 
stitute the value of the shift, the speed of hght (S), and the wave-length corre- 
sponding to the mean position of the band m Doppler’s formula fox sound. 
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we can get a value for and from this r is foxmd to be approximately 92| 
million miles, which agrees to less than one part m two hundred with the 
parallax value The Doppler effect can also be used to calculate the rate at 
which the fixed stars appear to be movmg away from us A readable account 
of recent speculations on the expanding umverse is given m the 1935 edition 
of Whitaker's Almanack and m J G Crowther’s Progress of Science 

Researches of this kmd may seem to be very remote from the everyday 
life of mankmd This is far from true The mitial stimulus which spectroscopic 
research received from the progress of glass technology, after the long penod 
of mertia subsequent to Newton’s \^ork, was reinforced by the discovery 
of chemical regularities m spectra at a time when cheimcal manufacture 
\^as actively encouragmg exploration mto new fields of enquiry How spectro- 
scopy has helped us to build dirigibles and make the coloured hghts of adver- 
tismg signs will be explained later to be one of the crownmg victories of man’s 
conquest of materials How the extension of the wave metaphor led to the 
discovery of wireless transmission which has broken down so many social 
barriers of space and time will appear in the story of man’s conquest of 
Power The distmcuon between fruitful and useful facts which was made 
elsewhere is more superfiaal than real Information that is frmtful m actmg 
as a check on methods of discovery and a correct hj^othesis leads m the 
long run to the kind of knowledge which can be used to provide more of 
the means of life and leisure 
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Fig 210 — ^The Vernier Scale 


Invented by Pierre Vemier, a French mathematician 3 early m the sixteenth century, 
the vernier scale is an auxiliary movable ruler device, which permits great accuracy 
On the lower ruler a distance equivalent to 9 divisions on the upper scale is divided 
mto 10 parts To measure an object the end of which xs marked by the thm Ime between 
3 2 and 3 3m the figure, set the beginning of the vermer scale at this level and look 
for the first division on the vernier which exactly comcides with a division on the 
upper scale In the figure this is the second division and the correct measurement is 
3 22 The theory of the device is as follows If x is some fraction of a division on the 
upper scale to be ascertamed, the correct measurement is 3 2 + jc The &st whole 
number a of the smaller divisions on the lower scale which comcides with the upper 
differs from a divisions on the upper scale by the distance x Now 1 division on the 
lower scale is of a division on the upper Hence 

(iV) + * “ a 
* =» 

If a IS 2, X 2 tenths of a scale division on the upper scale If a division on the upper 
Sfaip IS 0* I, # ™ O 02 
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THE “aberration” OF LIGHT 

Dxirmg the period which immediately followed Newton’s work on coloui 
frmges the only important advance m the study of light had been mdependent 
confirmation of Romer’s view from an unexpected source by Bradley^ the 
Astronomer Royal, m 1728 The confidence which Newton’s theory conferred 
on the Copermcan doctrme stimulated renewed attempts to obtam decisive 
evidence of the earth’s orbital motion from the detection of a measurable 
displacement of the position of a fixed star at times when the earth is at opposite 
ends of a diameter of its orbit In the early part of the seventeenth century 
accuracy of measurement had been greatly advanced by two mventions, the 
telescope and the vermer device shown m Fig 2 10 If the earth revolves around 
the sun, there should be detectable differences in the R A and declmauon of 
any star at different seasons The maximum displacement of R A (see Fig 211) 
occurs when the star’s R A differs from that of the sun by G hours or 18 hours 
There is then no difference m decimation The maximum difference of 
declination should occur (Fig 212) when the sun’s R A differs from that of 
the star by 0 hours or 12 hours There should then be no parallax m R A 
From these seasonal differences we can calculate the star’s hehocentnc parallax^ 
which IS approximately the ratio of the sun’s distance to the star’s distance 
from the earth 

These parallaxes are very small For the nearest star (Fig 213) of great 
brightness visible from the latitude of London — Sinus — the angle of parallax 
IS only about one-third of a second of arc (0 371") i e one ten thousandth 
of a degree, and there were no mstruments sufficiently dehcate to measure 
such small differences imtil the beginning of the nmeteenth century, when 
the new patent ot DoUond, improved manufacture of optical glass, Foucault’s 
method for pohshing lenses, and the theoretical researches into achromatism 
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Fig 211 

When the sun’s R A differs from the star’s by 6 hours or 18 houirs, the parallax is 
m R A only, and there is no parallax m declination If the star’s distsmce from the 
solar S 3 ^tem is d, and the radius of the earth’s orbit r, tanp «■ r — dord** r — tan j>. 
The star chosen is y Lraconis with R A 18 hours It if not actually in the plane of 
the earth’s orbit, but considerably north of it 
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wmcn accompanied tne p’ ogress of scienli£c glass technology^ bore fruit m 
great mpro^emcnts of i.exescupe construcnon and m the invention of the 
compound nucroscope 
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riG 21 J — PiiADLtY’s Observations on y Draconis 

When the sun’s R A is the same as tlic star’s Cor dtftcrs b> 12 hours;, thcxe lo maximum 
parallax in declination and no paiallax m R A The star drawn is / Draconis, which is 
taken to be near the pole of tlic ecliptic it is actually about 13° awa> Remember 
(see Pig 127; m reading tlus hgure that the eaith is ‘ m Capncom” when the sun is 
‘‘m Cancel” «ind \icc versa The R A of >» Diacoms is appro imately 18 hours, i e 
Its lower transit is at midnight about December 2 1st, and its upper transit at midmght 
June 21st On these dates its decunauon should exceed its mean value D (the 
dechnation of the star from the celesual equator with the swz as its centre) by the 
imnute parallactic angle — p or -4- ^ This is now known to be 0 17, an angle 
too small for Bradley to measure On the contrary he found that the declination, d, 
on March 2 1st, when there should be no parallax m decimation, was less th^n D, and 
that the dechnation di on September 23rcU vvhen there should also be no parallax 
m decimation, was greater than D by one-third of a mmute of arc (20 5") 
On M«£rch 21st the earth is travelling towards the duection from which the angle D 
IS measured, i e it is movmg away from the celestial pole On September 2drd it is 
traveilmg away from the direction from which the angle D is measured, x e it is 
movmg towards the celestial pole 

Among many other contemporanes of Newton^ Bradley was engaged m 
the search for a detectable star parallax He chose a star m the constellation of 
Draco, The star y Dracoms hes about 16® from the pole of the echptic For 
simphcity it is dmwn as if it were at the pole of the echptic m Figs 212 and 
216, which more nearly describe the position of co Draconis, only 3® from the 
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ecliptic pole The R A of y Dracoms is very nearly 18 hours So it should 
show maximum displacement of decimation about June 21st and December 
21st Bradley could detect none with his mstruments On the contrary he 




Fig 213 — Sines and Tangents of Very Small Angles 

The sine of the angle a as BD — AD and the tangent is BD — AB When a is very 
small, the arc CD does not differ appreciably from the perpendicular BD, and the 
base AB does not differ appreciably trom the radius of the circle AD = r So sin a 
=« CD — r and tan a = CD — r If the angle a is measured m degrees the arc CD 
IS a(27rr) — 360 If it is measured m seconds of arc, it is ^irra — (3b0 x 00 x 60) 
Hence sm a*' and tan a*' are each 

2tra _ 44a 

300 X 00 X 60 7 X 36* X 10^ 

So if p*' IS the parallax of a star 

~ 7 X 36* X 10» 

44« 

star’s distance = sun’s distance ““ 

93,000,000 X 36» X 10» X 7 
AAp 

^ 192 X 10^^ 

P 

The parallax of Sinus is 0 371'' Hence the distance of Sinus is 

192 X low — 371 = 62 X XO” or 62 billion miles 

found a displacement which was greatest about Aiarch 21st and September 
23rdi the dates on which the decimation should not be affected by parallax 
at all Bradley confined his observations to the measurement of decimation. 
The difference m dedmation of two stars is simply the difference of the two 
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zenith distances at transit (D = z d + lat ) if measured at the same latitude 
An eQuivalent difference m R A ’s also found when the starts R A is the same 
as the sim^s or differs from it by 12 hours^ le when theie should be no 
difference due to parallax 

According to Cajon the clue to this anomalous benavicur came to him from 
a class of everyday experiences whuch greatly helped to elucidate the laws of 
the combmation of motions m different directions, when navigation was at 
the meicy of wmd ana current ^^Accompanj mg a pleasure party on a sail on 
the Thames one day about September 1728,’’ he noticed that the wind seemed 
to shift each time “that the boat put about, and a quesnon put to the boatman 
brought the (to mm) sigmf cant reply that the changes m oirection of the vane 



Fig 214 —The Tilt of the Telescope 

To envisage the significance ot Bradley’s observations, imagine a tram of bullets from 
a machine gun fired at the mouth of a cylinder with its opening pomted directly towards 
the oncoming bullets If the cylinder is moved with a speed d ft per sec m a direc- 
tion at nght angles to the movement of the bullets, the latter will not pass straight 
down the middle of the cylinder If the motion of the cylinder is suffiaently swift they 
will strike agamst the sides To prevent this the cylinder must be tilted m its direction 
of mouon At a suitable tilt the bullets will pass straight along the middle of the 
cylmder The propagation of a wave front of light along Bradley’s telescope was analo- 
gous That IS to say, the object glass of the telescope has to be ulted shghtly towards 
the direction of the observer’s mouon 

at the top of the mast were merely due to change m the boat’s course, the wmd 
remaming steady throughout . ” The significant fact about the shift called 

^‘aberration” which Bradley first observed was that the greatest displacement 
of the star’s position is foimd at times when the earth is moving in its orbit 
either towards or away from the direction from which the angle is measured 
(Fig 212) This fact receives a simple explanation from the fact that light 
travels with a finite speed Hence the direcuon from which light reaches an 
observer is the resultant of his mouon and that of the light If the hght is to 
pass down the centre of the telescope and be seen by the eye, the object-glass 
of the telescope must be ulted slightly m the direcuon of the observer’s mouon 
(Fig 214) If the telescope is used to measure the angle between the star’s 
direction aud some direcuon of reference (e g a direcuon along the celesual 
equator m Fig 212, or along the echpuc plane in Fig 215), then the angle is m- 
creased if the observer’s mouon is away from the direcuon of reference and 
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Fig 215 — Aberration of Light 

If t±ie observer is at rest with his eye at light strikes the objective of his telescope 
at Aj and traverses the distance AB m x seconds The angle D is the elevaaon 
of the star above die plane of the ecliptic in which the earth is moving, i e the 
celestial latitude of the star This is the true direction of the star The observer 
IS moving away from the source of light m the upp6r figure and towards it m the 
lower figure, m the Ime BC, and traverses the distance BC m x seconds If he is 
moving away from the source and holds his telescope at the angle D, his eye 
readies C when the light has traversed the distance AB So he does not see the source 
To see it, the telescope must be tilted upward^^ i e m the direction of his motion, at an 
angle d* so that the hght strikes the objective at A when he is at D before he gets 
to B, and does not reach B till he and his telescope have traversed the distance DB, 
X seconds later Hence DB ~ BC If he is movmg towards the source of hght as m the 
lower figure the telescope must be tilted dovmmard^ i e m the direction of his motions, 
making an angle d^ Since hght passes over a distance AB m x seconds, and the speed 
of hght is AB — jc, the observer’s speed is BC — x 

e ^ Speed of hght 

* * BC Speed of observer 

In the upper figure the c'ttenor angle d* =« D + a, In the lower figure the eactenor 
angle D « dj + ai, i e d^ ** D “■ 
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decreasea if niS niv^tion is tovvaras this cLrecuon For example, m Fig 212, 
declination is measured from a line on the celestial eqiiator plane, joinmg the 
sun to the R A circle of the star On March 2 1 si the earth is movmg m this 
direction, and smce the telescope must be tilted towards the duection of motion, 
the angle D is decreased On September 23rd the earth is movmg m the 
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Fig 216 


Since y Draconis is fairly near the pole of the ecliptic, its celesual latitude L, may 
be taken as about 90® But on March 2 1st, ultmg the telescope in the direction of 
the observer's motion decreases the observed latitude by a small angle, a, to li 
Similarly on September 23rd, the angle is mcreased by a to L 
BO ^ » 

Now tan a = and since a is a very small angle (see Fig 213) 


a 


BD 

AB 


earth's orbital speed 
speed ot hght 


opposite direction, and tiltmg the telescope towards the direction of motion 
mcreases the angle The plane of the earth^s orbital motion is not the 
celestial equator, but that of the echptic So the elevauon of the star from the 
echpac, i.e.its celestial latitude (see p 220), measures the mchnation of the star- 
beam to the observer's motion This can be calculated from its dedmation and 
by an apphcation of the formulae m the appendix to Chapter IV When 
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the celestial latitude is 90% i e when the star is at the pole of the echptic, the 
correct set of the telescope simply depends on the speed of the earth m its orbit 
and the speed of hght> just as the correct angle for aiming at a pheasant flymg 
directly overhead (p 239) simply depends on the speed of the bird and the 
speed of the bullet If r is the distance of the sun from the earthy the observer 
IS movmg through 27rr = miles m 366 days His speed is therefore 

44r Hr . , 

miles per second 

7 X 365 X 24 X 60 X 60 42 x 365 X 36 X 10^ 

If the star is at the pole of the echptic, the angle a is 20 i e 20 5 -- (GO 
X 60) degrees^ and 

speed of earth’s orbital motion 

tan a = 3 — tt; — r- 

speed of light 

It the speed of light is 186^000 miles per second^ 

Hr 

“ 42 X 366 X 36 X lO^ x 186 


The tangent of this angle can be found without recourse to tables (Fig 213), 
bemg 

20 5 _ TT 41 X 22 

60 X 60 ^ 180 “ 72 X 18 X 7 X 10^3 


So we may put 

Hr 41 X 22 

186 X 42 X 366 X 36 X 10® ~ 72 X 18 X 7 X 10® 
41 X 22 X 42 X 186 X 366 X 36 X 10* _ 9269 X 10» 
~ 11 X 72 X 18 X 7 998 X 10® 


approx 


To three significant figures this is 92,800,000 miles, m close agreement with 
the sun’s distance calculated from parallax or from the annual shift of the spectra 
of the fixed stars. 


THE SURVIVAL OF WORD MAGIC 

Durmg the nineteenth century, when the phenomena of mterference were 
first fiilly mvesngated, the wave metaphor became firmly entrenched m 
scientific discussion It was the fashion to speak of a supposititious all- 
pervadmg ether, which remamed when all weighable matter had been 
removed from a space The plain truth is that this ether was less a description 
of what we encounter when mvestigatmg the world than a descnption of the 
kmd of mathematics with which we calculate what happens m certam 
circumstances In the study of how chemical quahties of substances (like a 
pinch of common salt) are related to the spectra which they yield when 
made to glow m a non-luminous fiame, recent discovenes have received less 
help from the wave metaphor and more from the analogy of the bullet 
Ckinsequently the ether is receding mto the realm of word magic along with 
phlogiston (p 422), the life force and the Real Presence. 

Saencc has nothing to lose from the decease of a metaphor In a different 
social context from the one in which we hve, the change might be regarded 
as a welcome release from reliance on the eaustence of something bejmnd 
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the range of our senses If we wish to understand why the new outlook m 
physics IS interpreted as a reason for rejecting the matenalisGc temper of the 
century which began with Diderot and ended with Darwm, we must not expect 
to find an answer m the progress of scientific knowledge The story of man’s 
conquest of Substance and of Power will make it clear that we have reached a 
situation m which social machmery can no longei accommodate rapid advance 
m discovermg the material amemties which science confers We are thus 
faced with tw^o alternatives One is to devise the social machmery which will 
ensure the further progress of science by finding social uses for new dis- 
coveries The other is to discredit confidence m the fact-lovmg method of 
science This can be done most effectively by surrounding the work of the 
sc.enti5c mvestigator with an air of mystery^ so that he fulfils the r61e of the 
fiist men of science in numan history The anaent calendar priests were the 
first scientists and the first civil servants They ceased to be scientists as they 
aspired to become masters The world tires of its masters and finds a grow mg 
need for efficient civil servants So we may hope that the adventure of human 
knowledge will survive all the efforts to remstate mysticism m the present 
period of cultural decay 

The phase of discovery which has been dealt with m this chapter draws 
attention to aspects of scientific method often overlooked, especially m the 
study of social mstitutions There are two errors commonly held among people 
who study human society The one to which the economist is prone is the use 
of facts to illustrate hypotheses based on seemingly self-evident prmaples, 
mstead of the use of facts to test whether seemingly self-evident prmciples are 
a safe gmde to conduct At the opposite extreme is the school of historians who 
eschew all hypothesis and discourage *‘rash” generalization, apparently 
content to collect facts as an end m themselves The truth is that scientific 
knowledge is not a mere collection of facts It is an organized repository of 
useful and fruitful facts Some of the most useful and friutful facts have been 
found by usmg theories which seem utterly absurd m retrospect What 
specially distmgmshes the method of genmne saence is that theory and 
practice, hypothesis and fact, work hand m hand In a scienufic experi- 
ment the mvesugator sets out to collect the facts that he expects to get 
If they do not exist he fails to get them If he fails to get them there must be 
somethmg wrong wnth his expectations So if he is a good mvesagator he will 
either discard his hypothesis or modify it and submit it to further test m its 
modified form A scientific hypothesis must hve dangerously or die of inam- 
tion Science thrives on danng generalizations There is nothing particularly 
scientific about excessive caution Cautious explorers do not cross the Atlantic 
of truth 

THINGS TO MEMORIZE 

1 Wave-length x frequency « speed of sound =» 1,120 feet per second 
at 15*^ C 

2 Frequaacyofvibranngstniig» = 

dti y tn 

3 The change m wave-length observed when someone moving with a 
velocity v passes a source of frequency T is 2«^T* 
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EXAMPLES ON CHAPTER VI 

Take the velocity of sound as 1^120 feet per scLond^ except where another value 
ts indicated 

1 What IS the wave-length of a note if the velocity of the waves is 1,100 feet 
per second and the frequency is 440? 

2 If the shortest wave-length a man can hear is about 18 cm and the 
longest about 900 cm calculate the frequency m both cases Take the velocity 
of sound to be 33,000 cm per second 

3 What IS the wave-length of a pure note if the speed of propagation is 
340 metres per second and its frequency is 266 per second? 

4 A steamer neanng the coast blows a whistle and after 10 seconds an echo 
is heard When the whistle is blown five minutes later the echo is heard after 
8 seconds Calculate how far from the coast the steamer was when the second 
whistle was sounded, and her speed 

6 How fer away is a thunderstorm, if a flash of hghtnmg is seen 4 seconds 
before a clap of thunder is heard? 

6 A standing m a ravine with parallel sides fires a rifle He hears an 
echo after IJ seconds and another 1 second later After another 11 seconds he 
hears a third echo How do you account for these echoes, and how wide is the 
ravme? 

7 The echo of the blast of a ship’s siren is heard m IJ seconds If tlie 
reflection is caused by an iceberg, how many seconds after hearmg the echo 
will It be before the ship, steaming at miles per hour, hits it? 

8 An engine, blowmg a whistle whose frequency is 600, passes a man m a 
signal box at a mile a mmute What does the frequency of the whistle appear to 
be to the man, before and after the engme passes? 

9 When half a mile away from a tunnel through a hill, an engme blows its 
whistle, and an echo is heard by the driver 4J seconds later Takmg the velocity 
of sound as 1,100 feet per second, how fast is the engme gomg? 

10 A tram rushes past a stationary engme, which is blowmg a whistle of 
frequency 600, at 60 miles per hour What value would the passengers m the 
tram give to the frequency of the whistle before and after passing? 

11 A bullet IS heard to strike a target 2J seconds after it has been fired 
with a velocity of 2,000 feet per second How far away is the target from the 
marksman? 

12. A tuning fork has a bnstle attached to one of its prongs which just 
touches a vertical smoked glass plate. When the tuning fork is sounded and the 
plate allowed to fall under the action of gravity a wavy Ime is traced on th e 
plate. If a distance d marks off N waves show that the frequency is N V^d/g 

13 Using the same apparatus as m Example 12, the plate is dropped from 
rest through a distance of 1 8 cm In the next 10 2 cm fall the fork makes 
36 waves. What is the frequency of the fork? 

14 What 13 the depth of a well, if a stone is heard to strike the water 2 seconds 
after it is dropped? (Take g 32 ft sec *) 

15. When two vibrating bodies have not exactly the same frequency, there 
are times when the compressions or rarefactions from both sources pass a given 
spot simultaneously, and tunes when a compression from one neutralizes a 
rarefaction ficom the other These alternate periods of much disturbance and 
then comparatively little disturbance produce a pulsatmg effect called beats 
If two strings of frequencies 300 and 302 per second are bowed, how many 
beats are produced m a second? 
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16 T\io tViiiiDg forKSj one of ixequency 256 per second^ are sounded simul- 
taneously and proauce f beats per second \v hen the other fork of unknown 
fiequency is lOaJed uiti? a small piece of wax the beats stop Determine the 
frequency of this fork 

17 Two tunmg lorks of hequency ->12 are taken One of the forks has its 
prongs fi^ed, so that when sounded w*th the other 5 beats per second are 
produced Fmd the frequency oi the fJec lork 

IS A noise is hearu at three stati^^ns A., B and C A hears the noise 13 14 
seconUb before B and b b9 seconds uefore C If me rectangular co-ordinates 
of A> ana are respectively C'' ’>'-0 ^ 0,2) on a map^ a mile bemg the 

umt, by means of a geometrical co^btrucUDn hna the co-ordinates of the source 
of the noise Take jrc spec - of sound as 1,1 ol fc se^ 

19 From Fi^ *97 1 2 tha bcand waves from a can reach the ear by two 
separate paths ^ hen one path *s 16 cm longer man the other no sound is 
heard When ’t is lid cm 1 mger a sound can oe ceard and v^hen 4S cm longer 
no soimd, and so on Talking me velocity of sotuiu to ue 3k2u0 cm per second^ 
what IS the frequency of the whistle^ 

20 As an engme, blowmi its wnictica pussco a ctauon, the pitch of 
the whistle appears to a man on the pktform to mop a mmor third, 1 e to 
, ths of Its apparent frequency before pao'^ing Hov^ fast is the tram gomg^ 
Take the speed of sound as J,ino ft 

21 If the greatest inter\al between siccessi\e echpses of Jupitei’s second 
moon IS 42 hours 2S mmutes ub seconas, and the least mterval is 42 hours 
28 mmutes 28 seconds, uetermme the speed of hght (nUiCS per second), given 
that the radius of the earth’s orbit is 92 7 x 10*^ miles 

22 Usmg Fig 202 10 determme the velocity of iignt, find the angular 
velocity m radians per second of the w’^heel for the third and fourth disappear- 
ance of the image, w-hen the distance from C to B is 10 km and the wheel has 
720 teeth 

23 Usmg the same figure, let the distance from C to B be 15 km and the 
wheel have 600 teeth Given tne speed of hght = 3 0 x cm per second, 
how many revolutions m a second must the toothed wheel make so that hght 
passmg tiuough a gap on one journey is stopped by the neaa tooth on the 
return journey? 

24 A beam of light on a revolvmg mirror is reflected by it and travels a 
distance of 750 metres to a mirror, which reflects the beam back along its 
path The beam is then reflected agam by the revolvmg mirror, and is found 
to make an angle of one mmute with its ongmal path What is the angular 
velocity of the revolvmg mirror m revolutions per second? 
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tile eter*^ a^^to circ t^at c*i haiJ? 

-o*jLe lli^ e e^iit^on ji^ or ^ c^i ec i ^ 'oererrpj.orjr 

^dtiesiO^i ’’ins.u ^‘uti-^ ri ^ mor v.^p*caxi3 5 iite estaDl’slimj 

ol bc^ieJ: ipon ^Iic es cr Fo. (r:« c ery capacity^ 

iT*a* observe) ::n^ 3 t oi ape^ pre so SL^perstitaousIy do 

iook upox^i ciges p<.^s«> jrat aat-ior h. et ol th^ o ^ exceed tiie 
leasans of the uc-ici Whose persons md'^'cd ^Ll re^noved fiom 
om times liic*i \ orksj hicli seldom with --is pa^s un^^ontrolleda 
either D> contcmporaiieSs or iir»mecu.ate u»-ecessGrs^ are now 
become out of the distance of envies^ and the faitber lemoved 
from present times^ ai.e conceded to appxoacLi the nearer unto 
truth Itself hereby mcthinks mamfestl^ delude our- 

selves^ and widely v^alk out of the track o^- tiuth — Sir Thomas 
JP^tiido io\s.a Bpjdemtca 




ST^.TE 07 I\L".TTER 

r'-^ 7‘FJr’'i Ab>i£.> 

G^\Z caaiacter Stic v'»l'_.ca sp^ac-v rumir’ temgs from other 

animalt is iheix po^er to ccacgr* toj or dhoir eavirorniierit B}' selecting 

other orgamsn’s fo^ their assc rte* end collecting difierent sorts of Lfeless 
matter from then sLonciindinj^^ the^ prc-tiac themseHes vith the means 
of fooc’^ of shelter, of ’ ocomotionj and of adornment MauJkind has thus 
nsen superior to ±e Psri.ers cf climate arc situation Lmitmg the distribution 
of othei h\iag aearoies in estac-shing nunself as a species with a world- 
■Ride distribution, n Ji’o pot>er tc clunge his en' nrocmen<' iti circumscribed 
by two facts A wompani’n ety sTiaU number of pi inis and animals are suit- 
able for cultivation nr domejtscat.oaj sni a comparatitely small number of 
substances wmch aie found m nature a-e dire-tij suitable lor fabneatmg 
articles of use or amuseruent Otganisic® and theix products smtable to human 
reqmremems of one cr ff- ctoer sort— mjrrn and cedarwood, silk and 
pearls — ^had a \try lmi-t.^a xibution m tne ancient tiorld So likewise had 
the metals which man learned to treasure first, and later to work In the ages 
of scaraty, when ibe trade routes were of fundamental importance to the 
difiusion of culture, man had to discover how to find his w'ay about a world 
m which the basic means of human satisfaction were sparse Until the end 
of the eighteenth centuty of our era man’s greatest mteUectual achievements 
were associated wnth the survey of a world in which the good thmgs of life 
were very unequally distnbuted 

The story of how man learned to find his way about the world has been 
told m the precedmg chapters This stage m the growth of man’s under- 
standmg of the umterse reached a chmas m the three centuries which 
wimessed the openmg up of the resources of two new comments to European 
avihration By the end of the eighteenth century the habitable world had 
been explored with the aid of the sextant and telescope, the theodolite and 
chronometer An mventorj of man’s resources for continuing a mode of 
hvmg which had changed very hide smee the construction of the r 3 nnnuds 
had been accomplished So at this pomt we may fittmg^y take leave of the 
story of man’s conquest of time reckomng and earth measurement When 
the mneteenth century dawned progress m the knowledge of nature had 
assumed a difiterent aspect The ages of scarcity were drawmg to a close 
Space and Tune were makmg way for the study of Matter, Power, and Health 

If we consider the vanety of substances a\ailable for human use and the 
resources of power which can now replace human effort^ the gap separating 
us from the seventeenth century of our own era is far greater than that 
which separates the seventeenth century of the present era from the Mediter- 
ranean world of 1700 B c In the long penod which mtervened there had 
been no radical additions to knowledge of the use of materials, nor any 
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radical improvement m mechanical subbtituccs for hxuian labour The 
knowledge of metals^ of glass makmg^ of pottery, of weavmg, of dyemg, of 
brewmg, of irrigation, of enamels, and of cosmectcfe, had scarcely surpassed 
the achie\ements of the early civilizations m the Mediteiranean The plough, 
the wmd sail, and the w^ater-wheel, were oldei than the hangmg gardens of 
Babylon The best silks were still the siIl^s of Old Cathay What material 
progress had occuired m the world as a \rhole was htde more than a process 
of give and take Th?^re had been no important new mvenaoiis, not new 
mdustnes, other than those to which reference has been made already 
That is to say, gunpowder, prmtmg, cpectacles, and mechamcal clocks 

Our task now be to trace the story of man’s conquest of materials, and 
to mdicate the social prospect which it unfolds What we call the science of 
chemistry^ today is made rp of rules for makmg and lerognizing the presence 
of substances which have very defimte ph3rsical properties, such as density, 
colour, crystallme form, meltmg and boiling pomts, odour, texture, and so 
forth So m te ttbooks of che nistry it is customary»^ to begm vsuth the definition 
of a pure substance Perhaps it iSf^ietter not to do so Thcie is no way of 
capturing the meaning of a pure substance m a simple sentence Any defin- 
ition which we attempt to frame registers the stage we have reached m dis- 
covermg reliable recipes for makmg thmgs Primitive man collected materials 
from rocks and sprmgs, from ammal tissues and plant jmces, and used them 
to make metals, pigments and fabrics, perfumes, dyes, and medicines His 
success and the quahty of his products depended on local pecuhanties of 
the minerals, or on local species of plants and animals All tlie early mdustnes 
of civilizanon had the same local character Sand was mixed with lime or 
potashes and vanous mmerals found here and there The quahty of the glass 
of a particular locahty became famous The secretion of a Mediterranean 
sea-slug furnished the Tynan purple of Phoenician trade It was nobody’s 
busmess to know why the glass of a particular place was better, or to make 
the dye which the sea-slug excreted Man took the fruits of nature as they 
came WTiat science he had was mainly used to get to the places where they 
were to be found 

In the new phase on which we are now entenng the reverse is true Every 
advance of saence makes man less dependent on local matenals We know 
the nature of the dyes and drugs which were once obtamed exclusively j&om 
animals and plants, and w^e manu&cture them from substances like coal, 
which are more widely distributed If we cared to do so, we could make 
them firom substances which are umversally distnbuted We no longer depend 
on the manure dumps of India for the mtrates used for makmg gimpowder 
m medieval times, nor on the natural deposits of Chile for the mtrates which 
were introduced for use as fertilizers m the mneteenth century Nitrates can 
be made from the mtrogen of the air and the common salt of the ocean For 
metals of great hardness and strength we are no longer dependent on local 
ores We know i n nu m erable ways of makmg alloys, Alummium, which is the 
most abundant and umversally distributed of all the metals m the superficial 
layers of the earth’s crust, is already begmmng to displace the use of the 
heavier metals which nations have struggled to monopolize m the past. 

Aside from structural materials, among which wood, day, stone, and sand 
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still predominate, the basic mgredients of modem industry are of a totally 
dliFeient kiud from those usea m the tune of Newton Modem chemistry 
recognizes more than c quarter of a miilior distmct substances Hundreds 
are being discovered yearly , and an enonrous number are already employ ed 
m makmg articles of everyday use Three hundred years ago chemical 
mdustry as ne now know it did not evist Crude lime, made by cooking 
chalk and hmesione in kilns, was sola for makmg cement and glass, or for 
curing leather Incinerated charcoal or “potashes” iich m aikahne potassium 
carbonate Com the foics^s of central and eastern Europe v^as impo-- into 
Bntam for cleanmg wool fibres and makmg soap, prepared by boiling the 
solution with lard or mutton fat Crude alum from the Isle of W’ght was 
employed m preparing cloth for d 3 ’emg At most a dozen vegetaole juices m 
place of the many hundreds of modern syntretic pigments were m everyday 
use Salt sold fo^ preserving meet ow ed its cL’ef commercial use to its prmcip^ 
impurity — the hygroscopic magnesium chlonde, whxh is removed from the 
best t. ble salt of todav All the pure metaL then known — gold, silver, copper, 
tm^ uon, lead, zme, mercury, end antimonj — haa been worked m the ancient 
world, and were p’-epared from tneir ciefe bv the same processes Alineral 
pignrents Lke tiic enniLon emnabar ^mercurv sulphide'/ ana green malachite 
(copper ciibcnate"^, oi cosmetic like galena (lead sulphide), were probably 
used less in aixieench-centur^ England than Iju ancient Egypt More 
medicmal chemicals were tecogcized but these had not become important 
articles of contmerce Jewel<5,wh3cn owe their special characteristics to crystal 
form, one of the fundamental entena of a pure substance m the modern 
sense, represented almost the only articles of commerce which the chemist 
of today would recognize as such 

To be sure, it would be an exaggeration to say^ that there was no science of 
chemistry before the mneteenth century, or that no progress was made m 
Its study between the age of Archimedes and the age of Newton No sharp 
Ime can be drawn between organized scientific knowledge and mere rule-of- 
thumb methods of recogmzmg the characteristics of nature The latter 
must always precede the former, and the former grows out of the latter What 
can be truthfully said is that Acre was no substantial improvement in the 
actual technique of preparmg materials of reliable quality, that is to say 
maiung “pure” substances, between the fall of the Alexandrian civilization 
and the middle of the seventeenth century of our era No substantial improve- 
ment m processes of preparmg, detecting, and assaymg metals were made m 
the first sixteen centimes of the present era, and if Arab medicme had added 
a number of new substances to the list of those previously known, it had 
done little to clarify any general rules for makmg them 

The search for pure substances was mainly prompted by three prmcipal 
requirements of everyday life m avilized commumties — ^metals, mumtions 
(pp 406-8), and medicmes The enormous influence of the latter may seem 
strange when we reflect upon the scope of reliable medical knowledge as late 
as the time of Jenner Still, it would be a mistake to regard primitive medi- 
cme as mere superstition One of the commonest complamts of everyday life 
IS constipation, and the possibihty of rehevmg it by the use of various 
reagents was a discovery of great antiquity The purgative calomel (a 
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chloride of mercury) was known to the Eg 3 rptians 5 and if the achievements of 
the physician were less conspicuous m other fieldSa the gratitude of their 
fellows for the use of aperients and purgatives is amply illustrated by the 
lyrical flourish with which discoveries of new o^es were announced As late 
as A D 1648 Glauber could proclaim the addition of sodium sulphate to the 
pharmacopoeia with a tract entitlea Ahtaculo Mvndi^ and Glauber’s salt 
enjoyed the sobriquet sal mtrahile A httle later Nehemiah Grew described 
the uses of Epsom salts (magnesium sulphate) with the evangelical fervour 
of an all too famihar advertiseirent 

From the practice of mmmg, ancient chemistry had le?med the processes 
now called oxidation and redtiction The history of man’s earhest attempts to 
extract metals from their ores is still largely speculative Both gold and silver 
occur as m natuie, and both could be shaped with the stone hammers 

which primitive nr>at\ possessed Native gold and native silver were treasured 
before the dawn of city life, and were first used for makmg simple ornaments 
Metalhc copper also exists m the regions where avilization began, and native 
copper seems to have been the source of the first hammered copper mstra- 
ments These are found along with chisels and adzes of gold, silver, and 
electrum (a silver-gold alloy), m the recent excavations at Ur Litde progress 
m the use of metals could be made when only gold and silver were knovm 
Though native copper is soft, it is hardened by hammermg Rickard {Man 
and Metals^ Vol I) says , 

As soon as pnimtive man began to shape his finds of copper he must have 
observed this important fact, which was decisive m makmg the metal more 
serviceable for the fabrication of mstruments At once the red stone became more 
useful than the yellow . The use of native copper marks the beginnings of 
every ancient metal culture Perhaps two millenma separated the first use 

of hammered copper from the beginning of true metal culture, when copper 
was smelted from its ores and cast m a mould 

Elliott Smith has put forward reasons to support a plausible hypothesis 
to accoxmt for this momentous discovery The green copper carbonate called 
malachite is readily converted by a dull red heat mto copper oxide, which is 
reduced to the metal itself when roasted with charcoal Over a long period of 
pre-history there is ample evidence that mankind used powdered malachite 
as a pigment In pre-dynastic Egypt it was used for facial adommoit When- 
ever debris containing malachite was dropped among the embers of a charcoal 
fire, spangles of metalhc copper would be formed We may well suppose that 
this was not a very rare occurrence. The use of bronze (a copper-tm alloy) 
came much later — about 1500 b c , and its discovery wa^ probably due to 
the fact that ores of copper and tm often occur side by side. Though iron 
occurs with great ranty as a truly mdigenous metal apart from its ores, the 
Jovian thunderbolt had familiarized man with it fix>m early times Fragments 
of meteoric iron are found with human remains long befbre the age of iron 
mstruments began — about 1200 b c, and modem Esquimaux have been 
observed to make knives by msertmg flakes of meteoric iron in grooved stops 
of walrus bone. Several common pigments, the ochres such as haematite, are 
nch m iron So the discovery of smelting non fixim its ores may have been 
made by analogy with the pre-existing technique firr extracting (popper. 
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Pnmitive metallurgy began \v*th the teducuon of the class of ores now called 
metalhc carbonates or oxides^ i e bj heaung them zvitk charcoal in a closed 
space This was all that neces^iar}^ for preparmg the tm used m makmg 
bronze from its common ores Many of the common ores are what we now 
know to be sulphides^ combinations of a mewol with tne element sulphur 
The next step m the progress of metall^rg5 was piobabl}' the discover j that 
some of the “sulphureous’* oies^ line those of lead, copper, iron, zmc, sJver^ 
and mercury, can be leduced if picuio^dj 1 eatcc lu azy^ Ol as we now say, if 
they are fiist ^^oxidz^ed ” The aiscover}^ that the process jiS faciLtated by keep- 
ing the air m motion probably led to the mtention of the eellows ana the first 
ciude blast furnaces for oxidizing the more recalcitrant sulphureous oies like 
P5nates (iron sulphide) Natuial ores are alwaj’S mixed with fragments of 
sand, winch is mainly composed of the same substance (siLca or sihcon 
oxide) as quartz The trick of heatmg the ore with some ‘ flux** such as lime, 
to make it readily form a molten mass, may have been gleaned from the 
discovery of glass, or it may ha\ e led to it 

These processes were pxacusea mo^-e than three thousand jears ago, and 
their nature remained an emgma till tiie end of the eighteenth century The 
craft of the goldsmith and the silversmith oSercd gieat opportunities for 
chicanery, as a familiar legend about Arclomedes reminds us The artificers 
of Alexandria weie apparently fanxliar with various devices for detectmg and 
manufacturmg fraudjdent articles b> dissohnig metals m aCids and reprecipi- 
tatmg them from their salts According to a legend current m the alchemical 
woiks of the Middle Ages, Diocletian ordered the suppression of all the 
Alexandrian books on the art of chenustr> for fear that the artificers would 
ennch themselves exorbitantly An unduly sangmne mterpretauon of their 
achievements led to a futile search for the supposedly lost secret of trans- 
muting lead into gold Slowly Europe recovered the real secrets of Alexandrian 
chemistry, without rccognizmg them as such 

The lechmque of preparing pure chemicals for medicmal use owes much 
to the very ancient mdustry of brewmg The formation of tartaric acid 
crystals m wme vats was already known to the Egyptians This was possibly 
the oxigm of the preparation of pure substances by allowing them to crystallize 
out by coolmg, and also of the practice of recognizing them by their crystalhne 
form Most important of all devices for separatmg substances with mdividual 
dbaractenstics was the process of distillation^ which is used in the preparation 
of alcoholic hquors* The retort had already become an important mstrument 
of medical research m Alexandria In the hands of the Arabs, to whom we 
owe the word alcohol-^ it became the means of addmg many new members 
to the known hst of chemical species The Moorish physicians made some 
advance towards classifying the nature of substances. They recognized 
solutions of acids, alkalis, or of salts, according to their effect on vegetable 
dyes, used in the pr^aration of fabrics. One of tiie dyes which was formerly 
used m this way is the familiar “litmus,** which turns red when dipped m 
a mineral acid, or blue if dipped m the solution of an alkali (i e ^^hases"^ like 
sodium hydroxide and quicklime, or “carbonates** of sodium and potassium). 
The Arab chemists gave reapes for making the three chief mineral aads 
(mine, sulphuric, and hydrodhlonc) of modem commerce by distilling off 
the vapours formed when vanous salts are heated 
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The natiire of distillation, like the natuie of redaction and o'^dation, 
remained an emgma In the processes of the laboxaroijr sabstances seemmgly 
disappeared on heatmg They became ‘^spirits,** and the art of cLemistiy 
was to make these spirits materialize The spuiis of me revert, which stni 
remam m our \ocabulaiy as splits of wmc spint^ (f saU^ the lil'e, are nov/ 
recognized to be a third strtc of riattei In the encieJit world what we now 
call gases and vapours weie not recognized as a form of mattCi., and it was 
utteily impossible to sec an\ common thread runn i ng thiough the famihar 
processes of distillation m me»iicinc and reduction 01 oxidation m metallt rgy 
Although Greek materialism nad proclaimed the robust doctime on which 
modem chemistry rests, neither the ev^rience of me physician noi the ^rt 
of the metalworker seemed to support the oehef that rra^ei is mdest^ucatlc 
The ancient world recognized two classes of dungs wh^cli cculd be \/c g led 





Fig 217 

According to the ancient conception of chemical pioccsscs the firt ol the furnace 
dissolved the matter contained m the retoit into its earthy constituent and the ^spirits” 
which escaped That the spirits, or as we now s^ygaseSy had weight was not recognized 

With scales — sohds and hqmds Anstotle^s physics had rejected the possi- 
bility that air could have weight 

Before the middle of the sixteenth century there was no clear evidence 
that air IS a form of matter m this sense, nor was there the least apprehension 
of the fact that innumerable forms of matter exist like air m the gaseous 
state So the distmcnon which we now draw between the two classes of pure 
substances called elements and compounds a>mpletely eluded the science 
of antiquity What was neither hqmd nor sohd was spirit The discovery that 
air has weight, separatmg the theory of chemistry today from the practice 
of chemistry tdl the time of Galileo, Hooke, and Boyle, is one of the great 
dichotomies m the history of human knowledge Circumstances of everyday 
life oonmbuted m various ways to this discovery, which revolutionized man’s 
command over the use of materials In the great age of the sailing ship men 
of science were b^innang to measure forces as matter m motion This raised 
the question. Is the force of the wind also a mamfcstationof matter m motion? 
Galileo’s experi m ents cm the way in which heavy bodies fall prompted enquiry 
mto the material nature of air for another and for more important reason. 
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rc_ai3cl to the iimnedijte t>or^OL cD-atc''J of b^s researches m a different 

erpencjice chcv-\ed tb^t reaw bodies ea^'n spsed at the same 
^\.ed u Tri^s seems fceo p to be m fiat 

conaachct-on to e-penonce of ^ er^cc^ e see no;S Galileo 

xesoi^ed die rov h*v. ^*apds w.i*f s proved the truth of 

hxs sciunen 

Tbc tiCixi \ iuc^ Ca^Jcc. s m^de the cr oxi and its 

cliaiactc.nstiwS an issu- of raomei?to^» rnpoi rnce ao-^iit Lae Sciir^*- and it 
Vvas of ^pcc«al sipiaflc^nce in 7. acre the of the twacbmgs of the 

Gr^eK ctcmists 'jvas le^-cised men sc-'en^^c ^'nih enthasus’r^ E lensise 
oe’- ciot^men. of det;p-Si aft imamg x^ok place lu the smeenth «ind seventeentii 
centt^iies cvvng;, aaionj, :3tber tiuiigOs "o ‘Ctape of iron *a \ uifaie after 

the .i<ToJac»jLcn c"' artfler SoeakLa^^ the clia_ jc m Uri^atix m a recent 

t r 0,2 /7 j* p^-^j j l&d remar^*. 

Though the output of tm, onlAc ot/ier aietr^hc not increasing, 

oven IT tiii mines tccnnica^ probltr^s e^oarrcd a? ennre*j ne^x importance, 
because tixc ipoie casuy rtccess^bie sappLe*^ oi ore L^ea largely exhausted 
la the Aliadle Ages Dx-rmn the reicus o'El "cbem a ac ner w j StUuit successors 
money vas peureu out lj\xsliiy in £h< construcuc^^ ri h.nJreas cf aaits and 
ventiiatioii shafts uad of hundreds of cramage en^,rtes oriven by water 
Tne h’gh cost of fuel began to c^'»<w^ t the e roancion of me c j*tput ot iron before 
die c*^a of BLzabeti/G re’gn Duiir j me reign of Eazabem, Charles I, 

and James I, co*^! suc-esshill^ saustili-.cd for ^'vono iuel m fmlc»mng oies 
and m ne^’-ly aU hmshing processes 

The mere technique of deep-shift imiimg was not a new development m 
human industry Neuberger’s book Fhe Tech meal AH atid Suences of the 
Anctcrits tells us • 

Mining was at different stages of advancement among the various ancient 
peoples It was particularly developed among the Eg 3 ^tians, who probably 
opened up copper mines on the penmsula of Smai as early as the third millen- 
mum B c Besides these the vast quarries of Turra near Cairo have also been 
preserved, they prove to us that at that very early date open workmg had 
been given up m favour of shafts The ancient Egyptians were thus not satisfied 
with merely removmg the stones m the hill from the outside, but penetrated 
far mto the mt^nor Wells of the same period, for example, Josephus well at 
Cairo, descend up to 300 feet vertically mto the earth In view of the fact that 
these shafts were constructed about 2600 b c , it can hardly be doubted that 
similar ones were also dug out for mining purposes m some cases The high 
standard of mining construction attained by the Egyptians is rivalled by the 
Indians and the Chmese, who likewise sank pits about five thousand years ago 

Though the technique was not essentially new, there was an important 
difierence between the conditions of deep-shaft mining m the seventeenth 
century and the practice of more ancient times Aiming m antiquity made 
possible by abundant supplies of slave labour, which was used with what 
now seems to be almost an mcredibly reckless disregard for human hfe 
Neuberger goes on to state * 

^ See also A Zimmem, The Greek Commonwealth, and B Farrington, Diodorus 
StcuUis (Umv Wales Press). 
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There were no precautions against accidents The galleries were not propped 
up, and therefore often collapsed, buiymg workmen beneath tliem In ancient 
mines many skeletons have been found of slaves who had lost their hves m 
this way while at woik Nor weie attempts made to leplenish the supply of 
air or to take other steps for preset wng health the an m the mines became 

so hot and foul that breatLix»g was rendeied impossible the place was abandoned 
and an attack was maae at some othei pomL These conditions must have 
become still more tiymg wherever, m rddiuon to the mallet and chisel, the oijly 
other means of detaching ihe stone was applied, namely fire Tne mmeral- 
bearing stone was heated and watet was then poured over it Theie was no 
outlet for the resulung smoke and v^^pours This method of constructmg 
tunnels and galleries is described by Pliny somewhat as follows ^‘'Tunnels are 
bored mto the mountains and carefully explored These tunnels are called 
‘arrugiae,* iutle ways or httle streets They often collapse and bury many 
workers When hard minerals occur one seeks to blast them with fire and 
vmegar As the resultmg steam and smoke often fill the tunnels, the workmen 
prefer to split the rock into pieces of 150 lb or more, and for this purpose they 
use iron wedges and hamm ers These pieces are removed from the gallerxes 
that have been hewn out, so that an open cavern is formed So many of these 
caverns oi hollows are made adjacent to each other m the mountam that fi n ally 
they collapse with a loud noise, and so the mmeral m the mtenor becomes 
exposed Often the eagerly sou^t gold vem fails to appear, and the long- 
sustamed and arduous work which had often cost many hu man hves has been 
m vam The nuner of ancient times was nearly always either a slave 

or a criminal This explains why the means used remamed unchanged foi thou- 
sands of years The purpose of machines is to economize labour or time It 
was not considered necessary to make the work easier for the slave, whose 
hard lot inspired no sympathy, although it kept him to the end of has days 
buried m the gloomy depths of the earth, suffenng all sorts of torments and 
privations There was mostly a superabundance of slaves After campaigns there 
were usually so many that great numbers of them were massacred So there was 
no dearth of labour Time was as yet but httle valued And so it happened that 
m almost all the mines of the anaents only the simplest means were adopted 
In the copper mines of Rio Tmto and Tharsis m the Spamsh provmcc 
of Huelva, which were worked by the Romans and the Carthagimans, the 
method of workmg was so simple that the slaves m the mmes had to scratch 
off with their fingers the clay which covered the ore The clay which is foimd 
nowadays m ancient mmes still bears the impress of thousands of fingers. 

Quite otherwise were the social foimdations of the mining industry when 
civilization spread to northern Europe. Surface work on tm m Ck)mwall 
and Devon probably contmued from the Bronze Age to early medieval times 
on an essentially tnbal basis Accordmg to Lewis (The Stannaries) the tm 
workers of twelfth-century England were associations of free men In tune 
these profit-sharmg syndicates became transformed into share-owmng com- 
pames, employing wage earners Even so, labour was still scarce, and pene- 
tration to deeper levdb m a humid dumte was accompanied by constant 
floodmg Coal-minmg, which encountered further difficulties on its own 
account, was a new mdustnal enterprise Oincerning the condition of the 
medieval coal miner, Nef (TRa Rise cf ihe British Coal Industry) says. 

The modem organization of the coal industry, mvolvmg as it does the 
employment of a large mdustnal proletariat by absentee oapitahsts, makes it 
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eas-v to assume tnat me mLzer has been a na^e earaei When a labour 

leader m oar day ref ex s to me mmeis as ihe axistocrats of the labour move- 
ment Vvhat he amiosi. cer*nxnl\ nas not m mine, x ^ougJi it might well 

appeal to ms aucaencec, is the posit cn of tlie n. the ^Lc^dle Ages la 

medieval England laDoureiS ^ tne rr^jnch vic-.e often j„anted special 

pnvJeges and immunities of a iund rarely cr*>o^ed oilier manual workers 
Feudal Icrds in some cases utmea over thcxr m return for a 

share of the output^ to small 3wtonoinoi*s -’ssocaanens w »rhmg miners In 
coal mining “manj p*ts were workca oy ^aszcciat^^j, ♦ char^ofaere^ ’ ” 

Nef hmts that coal, like gunpowder, paper, and (probably) the magnet^ is 
possibly pait of our culoiral debt to Chmeae citilization The Cmnese appar- 
ently knew Its use before the Chixstan era, and Marco Polo mentions the 
strange practice of the natives vho burned for fiiel ‘^olack stone dug 
out of mounlams where it runs m veins " In western ci\ Jization its use does 
not seem to have been known before aboc*t 1200, at wliich date a Liege 
chromcler refers to a “black earth very similar charcoal** used by smiths 
and metal workers Though expoiL &om XewiasJe recoided m the four- 
teenth century, coal was httle used before the begionmg of the sixteenth 
century, and then mainly from outcrops 1597 it i\as "one prmapall 
commoditie of this realme ** By 1661 v/e are told tlia*- a ‘hellish and dismall 
cloud of Sea-Coale hangs peipetually over London ** Mine-owneis could 
no longer afford to throw away life with tb** recklessness of the Mediterranean 
slave-owmng dvilizations How a*r becomes unfit tor human bemgs to 
breathe, why some air is inflammable and why explosions occur, were 
questions which demanded an answer, and engaged the attention of the best 
brains Francis Bacon, generally more ready with advice than with remedy, 
proposed a scheme for raismg water from “drown*d mmeral works ** Pumps 
were bemg mtroduced to drive fresh air mto the tunnels as well as to draw 
water out of them. The wmd was no longer blowing whither it listeth When 
we know how to control anything, we cease to regard it as spiritual 

This aspect of the soaal background of saentific discoveries which led to 
the rise of modem chemistry is discussed by Nef (The of the Bnttsh Coal 
Industry) m the following atation 

Boyle’s interest in experiments of this natuie, and the constant discussion 
of the Royal Society concerning the means of increasing the output of various 
commodities, or of heightening the efficiency of different technical processes, 
show a trend of the utmost importance These “natural philosophers” of the 
English Restoration were economists as well as scientists, and, beside their 
old religion, which they resolved should not stand m the way of their achieve- 
ments, they had begun to erect a new religion — ^the religion of production It 
was one of Boyle’s principal propositions, to which he reverted again and 
agam, “that the Goods ot Mankind may be much mcreased by the Naturalist’s 
Insight into Trades ” • There is a clear relation between the appearance 
of the extremely influential British school of “natural philosophers,” and the 
growth of the British coal industry The proceedings of the Royal Society for 
the first thirty or forty years followmg the grant of its charter m 1660, are full 
of discussions which have a bearing, often direct and perhaps even more 
frequently mdirect, upon problems connected with mineralogy, with the mining 
and the use of coal Colliery owners like Lowther, who was a member, or 
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Sir Roger Mostyn^ who was noij tend lu accoiincs of explosion*: or of ne v 
methods of finding co-u Local naturaLsts send m samples of miaerpl fael^ or 
of strata resemblmif it> to be aA?aiybed and examined Sir Robeit Soutnvvcll 
reads a paper on the advantages of diggmg canals to supply London ^im 
cheaper coal Boyle condacts experiments m older to determine tne difference 
between coal and wood The members meet to consider the projects on foot 
tor smeltmg with coal Th^y puzzle over the causes for the strans^e iireb which 
occur m the coal seams Scon after the incorporation of the Royal Society 

the Kmg sigmfied his pleasure that no patent ^noold be granted for any ^^philo- 
sophical oi mechamcal lavention^'^ until u hao been approved by the Society 
And the problem of mventicn m the seventeenth centtuy was to a considerable 
degree directly related to coal ^Through necessitie, which is the mother of 
all artes,” wrote Howe^ in 1631, ‘ they have of vesy late yeeres devised the 
makin g of iron, the makmg of ad sorts of glasse, ana the burning of Lrickc^ 
with sea coal or pitcoale ” In this case the necessity was the substitution of coal 
for wood, m other cases it was the moie aaeqoate drainage ol the mmes, or 
the cheaper carnage of fuel over ground (pp 2o3~^) 

THE MECHANICS OF FLLIDS 

Galileo’s experiments on the way m which bodies fall overturned Aristotle’s 
doctnne without proMdmg any alternative explanation of the fa m iliar expeii- 
ences which seem to support it Our eveiyday experience of tallmg bodies 
— of leaves blown from a tree, or ales falhng from a roof— suggests that the 
rate at which bodies fall depends i.hiefly on their density or relative *‘lieavi- 
ness ” Galileo’s experiments showed that this is not true about comparatively 
heavy bodies of compact shape falling through air To resolve the paradox 
expenence of eveiyday life suggests that we have to reckon with other cir- 
cumstances affecting the motion of falling bodies Bodies fall under their own 
weight through Ixqmds We all know that a penny fells faster m water than m 
treade, just as it fells faster in air than m water We all know, too, that some 
bodies fell upwards, i e floai^ while others fall downwards, i e m a 

hquid, and that bodies like a piece of tin which will sink m water may float 
on a heavier fluid like mercury In other words, we have to take mto account 
two facts which Anstotle rejected One is that air has weight The other is that 
like other weighty thmgs it has mertia^ i e it objects to bemg pushed to make 
way for falhng bodies (p 375) Galileo’s solution of the paradox was that if 
sohd bodies are immensely heavy compared with air, the effect of the air on 
the rate at which they fall must be neghgible So a croquet ball as large as a 
caimon ball gathers speed at nearly the same rate. On the other hand, a toy 
balloon as large as a caimon ball is mostly air. Its density is not very much 
greater than air itself So it fells more slowly. 

Alexandrian science had already supphed the clue, without recognizing its 
worth One good reason why Alexandrian saence failed to take the step which 
would have made chemistry an exact science is suggested by the fact which 
led Galileo to conclude that the weight of aur raises water in the same way as 
the Vr^eight of mercury (Fig. 230) does Galileo knew what the miners of his 
time knew to their cost, since it compelled them to raise water by relays of 
pumps and ostems (Fig 218), The Greek word Sat vulgarity was /Swavota, 
which also meant handicraft, especially smithy work. It came from jSavFoy, a 
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Fig 218 

(From Professor WolTs History of Science^ Technology and Philosophy in the 
XVIth and XVIIth Centuries) 

This illustration from the Agncola Treause shows pumps used m relays because 
the weight of the air is only suflScienc to raise water about 33 feet In Galileo’s time it 
vw respectable to know what every miner knew The Greek materialists who taught 
that air has weight probably based their conclusion on the same experience of everyday 
life m minin g areas Anstotle^ who despised manual work and advocated slavery for 
getting It done, devoted himself to refutmg the materialist doctrme His predilection 
for slavery helped to stop chenustrv from further advance for about two thousand 
years 
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forge Perhaps Anstode htmself would have known that water cannot be 
lifted more than about oO feet by a pump, if his mtellectuaJ powers had not 
been hampered by contempt for worK which could be earned oat by slaves 
Those who accepted the Aiistotehan teaching rehed on the self-evident 
prmciple that ^‘nature abhors a vacuum” to account for the way a pump 
works As Galileo sceptically remarked^ they could offer no reason why this 
abhorrence stopped short suddenly at a height of 30 feet from the ground 

In Galileo’s Dtalo^jms concerning Tzoo Nez*^ Saences the followmg passage 
exphdtly refers to the way m which everyday e’^enence of the world’s work 
compelled attention to the weight of the air 

Thanks to this discussion, I have learned the cause of a certain effect which 
I have long wondered at and despaired of understanding I once saw a cistern 
which had been provided with a pump under the mistaken impression that the 
water might thus be drawn w^th less effort or m greater quanuty than by 
means of the ordinary bucket The stock of the pump carried its sucker and 
valve m the upper part so that the water was hfted by attraction and not by a 
push as is the case with pumps m which the sucker is placed lower down This 
pump worked perfeedy so long as the water in the cistern stood above a certain 
level, but below this level the pump failed to work When I first noticed this 
phenomenon I thought the machine was out of order, but the workman whom 
I called m to repair it told me the defect vms not m the pump but m the water 
which had fallen too low to be raised through such a height, and he added 
that It vTas not possible, either by a pump or by any other machme working on 
the principle of attraction, to lift water a hair’s breadth above eighteen cubits, 
whether the pump be large or small, this is the extreme limit of the lift 

We have seen (p 243) that Alexandrian science had established what we 
call the fundamental laws of static equihbnum for solids, that is to say, the 
conditions which must be satisfied when two or more weights are perfectly 
balanced The advanced development of imgation m anaent times had also 
borne fruit m the discovery of general pnnciples about the equihbnum of 
hqmds The basic principle of equihbnum for liqmds depends on a fact of 
everyday observation If two columns of the same hquid are m direct con- 
nexion and both open to the outside air, they are at rest only when the height 
of each is the same* For practical purposes height m this context usually means 
vertical distance above the ground, but if we consider the water of the oceans. 
It IS evident that vertical height implies distance from the centre of the earth 
The very old device called the siphon (Tig 219) for emptying cisterns depends 
on the same elementary prmaple of fluid equihbnum, which is the basis of 
any rauonal system of water supply for a aty Why the Romans built aque- 
ducts across valleys is still an emgma It may have been through inability to 
make strong pipes, or it may have been because much of the available know- 
ledge m anaent avihzation was wasted through the absence of a S 3 ^tem of 
public mstmction to diffuse knowledge from one field of human acnvity to 
another The prmdples of imgation were fully understood by Archimedes 
m 200 B c 3 and the feats of hydraulic engineering achieved m dynastic 
Egypt were far superior to those of the Romans, 

If we apply Galileo’s way of measuring forces to the force which puHs one 
column up and another down till the water **finds its own level,” we can state 
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the principle in a \\ay which pojits to a number of other truths about fluids. 
Fig 220 shows two coliimns of a fluid contained m two tubes connected 
by a cross-piece^ hence tiie height (^ 2 ) of fluid in e?ch is the same The bore 
of each tube is amform The Oicas of cross-section (A and ct) are different 
The height (/») of fmd above anv norizentai ie\ei m either column is the 
volume per unit area of cross section f ^ ~ v — a}^ and the volume is propor- 




Fig 219 

The principle that a liqmd ‘‘finds its own level” implies that a difference of pressure 
between two columns of liqmdj free to move vertically upwards^ is communicated 
equally m all directions Thus a tube used to connect two fluid columns of different 
vertical height siphons off the fluid m the higher column till both levels are the same 
Likewise the pressure of the fingers on a punctured rubber ball filled with water forces 
water out of the pores at all angles to the plane of compression 

uonal to the mass^ if the density of both columns is the same So if the height 
IS the same m both columns, the mass per umt area (m -r- a) is the same, and 
the force of gravity actmg on umt area {fng — a) is also the same m each 
column at the same level Force per umt area is called pressure So two 
columns are balanced when the pressure at one and the same horizontal level 
IS the same vx both The siphon shows that the connexion betwew th^ 
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^r.lnTnns may take any path upwards or downwards Hence the law of eqmh- 
bnum for PiuHr also unphes that pressure is communicated equally m all 
directions 

This IS the principle of the hjcLauhc press whicn has Ions oeen used in 



Fig 220 

Eqmlibniim between two connected columns of the same fluid, it both are fiec to 
move vertically upwards, is attamed when both are the same vertical height This 
implies that the force on unit area is the same at any level m each, hence a column of 
large sectional area will support a proportionately larger weight than a column of 
smaller area Thus a small force acting on a column of small sectional area will cause 
a connected column of large sectional area to exert a proportionately larger force m 
the opposite direction 

You will notice also that a large downward displacement of m would be necessary 
to produce a small upward displacement of M As m the lever, the pulley, and other 
machines, work is the product of the weight and the distance through which it moves, 

the textile industry If a mass M rests on a float in one limb of area A, 
the pressure of the column below is mcreased by an amount M — A* Eqm- 
hbnum is restored when a mass m is placed on the float in the other limb 
pf sectional area provided that — A »» fng — a* So a small weight 
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applied to a - b t-p a ^a-gc neirh" resting on a wider 

aiea in ai r'-'^npe ne-^- 2rt t *.c in') r F*^, 12 i 



Fic 22 . — The Z-I\nn'UL.o 


A second principle o<' equilibnuxa for fiuiJ^ Irno^n m arcient tunes is 
sometimes called the Aichimedian prmciple If ^oa have e\ei tried to raise 
yourself while tOicing a bath you wJl ha^^e laOticed thet >our boay seems 
to be lightei when immersed m \\ater than it is ordmaril} The downward 
p ullin g povvei on a body immersed m a hqoid is therefore less than it would 
be m air If a weight is immersed m w ater a smallei weight hangmg freely m 
air will balance it 

The difference is equivalent to the weight of the w^ater displaced A mass 
M m descenduig through a fimd is not immersed till it has raised an equivalent 
volume of the hquid (Fig 222) It has to raise a mass z6> of hquid equivalent 
to Its own volume^ as well as the mass m m the scale pan^ i e a total mass 
m + w) If the mass m the scale pan balances it^ 

M = w + zo 


A body therefore loses weight m a liquid by an amount (wg) equivalent to 
that of the same volume of hquid 

According to the Galilean method of measurmg it, the pull on the descend- 
ing weight IS the product of its acceleration and its mass It weighs less 
m a hqmd because, as we know, it falls more slowly than m air If we call 
Its acceleration when it starts* to fall m water a, its puUmg power is Ma This 
pulling power is balanced by a mass m (= M — - w) suspended m air If the 

* Reioarks on the parachute m a later paragraph (p 37 5) will esplam the need for this 
qualification 
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acceleration of a body falling in air is ■vv-e have a pulling povver M.a balanced 
by a pulling power ntg^ i e 

h\a = (M — w)g 







W" %ter di ^placed 

Alass w 
T^olume V 



If M IS the mass of the body when weighed m air, in its apparent mass when weighed m 
water, and w the mass of the water displaced, i e oJt the equivalent volwne of hqiud, 

M ~ »i 4- w 

or w = M — m 

If V is the volume of the body (and hence of the water it displaces), its density is 
M — V The density of the duid is w — V Hence the latio of the density of the body 
to the density of fluid is 

M— V w—V-M— ca 

The ratio of the density of a body to that of watei (its ‘■‘specific gravity”) is thciefore 
Weight in air — (Weight in air — weight m water) 


Since w and M are masses corresponding to the same volume, they are in the 
same rauo as the densities {d and D) of the fluid and the descending weight. 


a 



8 


GaMeo^s way of measurmg forces therefore shows us correctly when a 
body floats or sinks If the body is very much denser than the fluid, d is very 

small compared with D, and d — D is a very small fraction Hence 1 — ^ 

will not differ very much from umty, and the acceleration a of the body 
descendmg through the fluid will be nearly as great as it would be if it were 
falhng through air If the density of the fluid is nearly as great as that of 

d d 

the body itself, ^ will be a fraction just less than umty, 1 g will therefore 
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be small, and a will oe small compared with g That is to say, the body will 

fall very slo^.lj if tlie bodj is less dense than the flud, ^ is gieater than 

unit3^3 and 1 is a negative quantity Xliat to sa3% the body immersed 

m the fiiiid Vvill haNre an acceleration upvvards instead of downxvaids In other 

woids. It will float lx"" d is e^aeJv equal to D, is zero, and the 

acceleration is therefore zero The body ncithei smks nor floats It rises or 
f^s with the application of a very small force The modern submarine is 
equipped wich tanks which can be filled wxth water Oj. emptied by means of 
a store of compressed air \Then the tanks are qmte ful: the total density of 
the submarine is slighllv gieatej. tnajL' water The expulsion of a small quantity 
Oa water is then stfficicnt to m.J<e the sabmaiine ^^se to the surface 



Fig 223 — Experimlntal Proof of the Principle of Archizviedes 
Two identical weights fit exactly into two cylindrical vessels When one weight is 
suspended in water from a scale pan, the weight and its vessel m the opposite scale 
pan may be made to balance it by filling the other vessel with water to the brim 

The same reasoning leads to another conclusion which can be verified, 
namely, the fact that a very small part of an iceberg is visible above the 
water-line At freezmg-pomt water is 1 083 tunes as dense as ice So the 
mass M of ice bdLow the water has an acceleration (1 — 1 083)^, and exerts 
a push on the ice above equivalent to (1 — 1 083)M|r — 0 083 The 

negative sign indicates that the acceleration and push are directed upwards 
If downwards, acceleration is denoted by the positive sign The mass {m) 
of loe above pushes downwards with a force eqmvalent to mg. And since 
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these forces balance one anothei, they are equal Hence ^ = 0 083 
1 e M the mass of submerged ice is about web e times tn, the mass of ice 
exposed 

This gives us a clue for which we aie seeiung Aristotle lejected the 
possibiht}’^ that air has weight because a bladder weighs as much v-Iicn it 
is blown up as when it is collapsed We nugl t ja*t as well argue rhat water 
has no weight because a tm can weighs just as miich m water aitci a steam 
hammer has flattened it out A bladder inflated ^’^nth ai- could only '^cigh 
more than one v^hich was not inflated if both weit^ weighed in something 
hghter than air^ or in an empr\7 space If cn bss % Ckght, its w^eight must be 



If we i^e G^eo s method for measurmg foice, we can mfci the Axclumcdcan principle 
trom the observed fact that flmd pressure is communicated equiUy m all directions 
A cylmdneal MSS (M) of density D, height H, uniform sectional aica A, and volume 
V(=* AH), IS held in posiuon by another mass (m) suspended in an at the same distanee 
from the fulcrum from the other arm of a balance The surface of a fluid of density 
d IS just I^evel with the top of the immeised cylmdci of mass M Tiie force actmg 
downwa^ on the mass m is hig The force actmg down sard on the mass M would be 

oppo^d by the upward push of the fluid actmg on the 
fa^e with a force per unit area Hdg Hence the total upward force on the base is 
1 weight mg is therefore balanced by a net downward puH 

mg == VD^ — ydg 


VD - Vd-= 


Since density is mass per umt volume (i e M— VD) 

d\ 


m(i-| 




extremely small compared with that of most solid bodies and hquids, and we 
can accommodate Galileo’s expenments with the slow mittni ©f a toy 

bal^n without difficulty by a very small modification m the original form 
of Galileo’s prmaple Suppose that bodies fall through empty space the 
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earth’s surface with constant acceleiation g If a is the acceleration with which 
a sohd body falls in air^ it will rarely differ appreciably from because the 
density D of most sohd bodies is very large compared with d the density of 
air This is obviously nor tiue of a toy balloon It is largely composed of air 
when It IS blown w’p Its density T> considered as a whole is not very much 



Fig 225 — ^The Iceberg 

The balances indicate the forces necessary to balance the downward pull and upward 
push of the two parts. For convenience of drawing the attachments are at the sides 
Of course tdting will occur unless the attachment is vertically in Ime with the centre of 
gravity 

greater than and ^ is a small fraction Hence it falls slowly A gas 

less dense than the surrounding air (e g hotter aix or coal gas> must have a 
negative accderation for analogous reasons, and will therefore nse upwards 


The behaviour of a parachute illustrates the fact that air has another charac- 
teristic of weighty matter. It is sluggish, and this sluggishness or inertia gives 
us a due to the propagation of sound (p 321) and to certain pecuUarities of 
falling bodies On account of its mema air resists any attempt to push it out of 
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the way This resistance to displacement naturally depends to some extent on 
the shape of an object It is relatively great if a movmg object presents a large 
surface relative to its bulk> and this fact is the basis of streamline designs for 
fast cars What is not easily recogmzed from oui everyday experience of motion 
IS that air resistance and that of any fluid medium is greater at greater speeds 
Roughly speakmga air resistance is proportional to the square of the speed of a 
body movmg m it So when a body has been fallmg through air for some timca 
there comes a time when the resistance which it encounters just balances its 
own weight Thereafter it gams no moie speed It contmues to move at a fixed 
speed On account of its shape a parachute has a high mitial resistance Smce 
It traps a lot of air, its effective density is small Hence its imtial acceleration is 
also small It reaches the limit of its power to gam speed very qmckly 

If he did not cut the cord to release the parachute after jumpmg from his 
plane, an aviator would contmue to fall through a relatively long distance while 
g aining speed at a rate differmg httle from the fixed acceleration of bodies 
falling in a vacuum At a certain limit his acceleration would fall off rapidly, 
rea chin g a ‘‘temunal” fixed speed many times greater than that of a para- 
chutist By the time he was travellmg 170 miles per hour, he would have 
ceased to gam speed In the Galilean sense, he would have no effective weight 
Why then would he be mangled? An everyday expeiience provides the 
answer If an egg is dropped from a height of half an mch, it is not broken 
If It IS dropped from a height of six feet it is smashed Within these limits its 
Galilean weight does not differ sensibly So its Galilean weight is not directly 
responsible for disaster The egg shell has mtemal mertia, and extensibility 
It cannot commumcate motion throughout all its parts mstantaneously When 
the bottom touches the groimd, the top is still movmg* So some parts are losmg 
speed more qmckly than others At the moment of impact the distribution 
of accelerations is not uniform, and these accelerations correspond to Galilean 
forces Thus there is an imeqiial distribution of mternal stresses which m one 
direction or another exceed the breakmg pomt How big these mtemal stresses 
are depends on whether the speed immediately before impact is great or small 
compared with the rate at which the material of the shell can communicate 
motion The surface of a mouse is much greater relative to its weight than that 
of a horse Hence it encoimters much greater air resistance and has a much 
smaller terminal or limitmg speed of fall For this reason it can fall through a 
much greater height without bemg killed 

When von Guencke and Boyle had devised a pump for sucking the air out 
of a vessel, Newton was able to show that a gmnea and a feather keep pace m 
fallmg through a vacuum Proof that air has weight first came Scorn another 
source Before explaining how the discovery was made, two empirical appli- 
cations of the Archimedean principle m everyday life may be noted The 
density of some saleable fluids (e g milk and spmts) is controlled by legisla- 
uon, and the density of the flmd m storage battenes is a useful mdicator for 
testmg when they are fully charged For routme determinations of this kmd, 
accurate weighmg of an accurately ascertamed volume of flmd would be much 
too laborious, and is replaced by the device known as the hydrometer 
CFig 226) This IS essentially a metal tube or a glass tube with some mer- 
cury at the bottom to make it sink till the weight of flmd displaced is eqmva- 
lent to the weight of the instrument The volume of flmd whose weight is 
eqmvalent to weight of the instrument dqpends on its density. So the hydr^ 
meter sinks more if the density is lower* A graduated scale records the length 
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of the submerged part The divisions marked off correspond to the levels 
\^hich fluids of particular densities reach OrJ> relative measurement of 
densities is made in this way, water being taken as the standard Density re- 
ferred to water the stanaard {d — 1) is called speciflc gravity * 



hxj^*omd:enr 
Fig 226 

The scale marks show how deeply it sinks m fluids of different density 

A second apphcation of the prmciple of buoyancy is the ^^Pltmsoir^ Ime 
An iron ship floats because the weight of the shell is far less than the weight 
of the total volume of water displaced Every addition of cargo makes it sink 


F W 



Fig 227 

The PlimsoU Ime on all ships m Lloyd’s register, L R The several marks are the 
loadmg limits for fresh water^ Indian summer seas, temperate seas m summer and 
winter, and wmter m the north Atlantic 

further till an equivalent weight of water is displaced It is not safe to load 
a ship so heavily that the addition of a small amount of extra ballast will 
sink It The limit of safety depends on the density of the water, which vanes 

* If volume is measured m c c and weight m grains, the density and the spenfle 
gravity of the same substance have the same numencal value at 4'’ C , smee 1 c c of 
water at this temperature weighs 1 gm 
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appreciably according to its salt content and temperature Sea water is denser 
chan fresh water, as we know if we are swimmers, and the warm tromcal 
waters are less dense than Arctic seas The law now enacts jd vesseh 
carry a scale like the scale of a hydrometer, showing the cifTereni leveh 
beyond which the water level must not be allo^ved to oass v/hen loadmg in 
fresh or sea water, arctic or equatorial seas (Fig 227) 

THE PRESSURE OF THF ATMOSPHERE 

The most direct wav of provmg that air has weight is to compare the weight 
of an exhausted vessel with its weight when filled v/ith air When the temper- 
ature IS 60° F at sea-level, the v\ eight of one litre (1,000 c c ) of air is approxi- 
mately II grams That is to say, a vessel of 1 htie (X'pacity (rouglily one-fifrh 



Two simple experiments illustrating the weight of the atmosphere In the light- hand 
one, the pressure of the air, commumcated like the pressure of the water m the wphon 
m all directions, keeps a full tumbler sealed by a piece of paper placed across the 
open end 

of a gallon) weighs 1} grams (about a twentieth of an ounce) less when 
exhausted The discovery that air has weight did not result from, but pre- 
ceded, the discovery of the vacuum pump. It was made by TornccUi, a pupil 
of Galileo, about the year a d 1643, and was really a mmiature demonstration 
of the prmciple which underhes the necessity of raismg water in relays 
(Fig 218) According to Burnet, the loman Empedocles correctly mterpreted 
the raismg power of the common pump as the weight of the air pressing on 
the source of water* If so, the early Greek matenahsts had sohd ground for 
their faith m the ind^tructibihty of matter Be that as it may, Aristotle^s 
teaching tnumphed, and, so far as we know, was accepted by the Alexan- 
drians, whose knowledge of the mechames of flmds should have sufficed to 
exhibit the flaw m his reasonmg 

An old tnck which is easy to repeat with a tumbler of water and a wash 
basm may have suggested the expenments of Tomcclh If we turn a tumbler 
upside down xmder water and draw it upwards, the water does not descend 
inside It, so long as the nm is just below the surface of the water If we 
place a piece of paper on a tumbler bnmmmg over with water, we can turn 
it upside down m air without emptying it The paper remams apparently 
glu€^ to the edge* In performing similar experiments, m which a cylinder 
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filled v/ith mercury v^^as m\erted over a trough containing mercury^ TomceUi 
found that the fluid descends a certain distance if the cylinder is sufficiently 
long, leaving < space above it \;v’ithuut any sign that bubbles of air have 
pabsea up The vertical height of the mercory column with the empty space 
(Tomcelhan vacuum; above it was not affected ty along the cylmder side- 
vaysj or by usmg tubes of different secaonal area At sea-level the height 
of the mercury column above the level of mercury m the aough is 760 mm ^ 
or roughly 30 inches z\ vanaaon of the original form of the expeiixuent is 
to fill with meicory a U-cube of which one Imab is closed, holdmg it m a 
nearly horizontal posiaon, takmg care to let m no air bubbles If the other 
limb IS sufficiently long the mercury sinks m the closed one when the U-tube 
is held upnght till the veiacal difference betv een the two columns is 700 mm 
(at sea level) ^her arrangement is what we now call a mercury barometer 
(Fig ^29) 

We have ^een pressure ar any horizontal level m a flmd is the force 
e-s.er^ed by the weigh* of the o^^erlymg fluid on umt area {mg — a) Smce mass 
IS the product of volume (v) and density (d), 

piecsure ”= vdg — 

and smce volume pei umt area — a) is the height (h) of the overl 3 nng 
column, the pleasure or force per umt area of a column of flmd on its base 
IS ftdg To put It m another way, a piessure hdg is requuxcd to raise a column 
of fluid to a height h For measurmg what supphes this pressure the equih- 
brium of tw’^o hquids ot different density (Fig 229) fiirmshes a precise parallel 
Two connected columns of flmd are only m equihbnum when the verdcal 
height of both IS the same, providmg that their densiaes are the same If a 
straight open tube dips mto a trough of mercury, the mercury m it rises 
above the level of meremy m the trough when water is poured on to the 
latter Similarly, if water is poured mto one limb of a U-tube containmg 
mercury, the mercury m the other nses a htde In either case the more general 
form of the law of eqmhbnum is true At any level m the mercury the pressure 
of both columns above it is the same, e g at the level where the mercury 
(density D) is m contact with water (density d), the heights of the overl 3 nng 
columns of water (A) and mercury (H) are such that 

or 

H- A = D 

This means that if mercury is 13J times as dense as water, a column of 
mercury could just be supported m a verttcal posiaon by the pressure of a 
column of water 1S\ times as long, m the same way as the water m the 
tumbler is supported m a veracal posmon by somethmg pressmg on the 
paper and commumcatmg its pressure upwards and downwards m all 
directions equally 

In these experiments we have wator on one side of a mercury column, 
and no water on the other. The pressure exerted by the weight of the water 
maintains the difference m level between the two columns of mercury In 
the barometer we have air on one side and apparently none on the other 
Is the pressure supphed by the fact that the air has weight? A simple expen- 
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ment completes the analogy If we withdraw some of the water m the last 
experiment (Fig 229)^ the height of the water column is less, and the difibi - 
ence between the two levels of mercury is diminished We can make the 
height of the air column pressmg on a meicury barometer less by ta^ong 
the barometer to the top of a moontam This test was devised by Pascal 



Fig 229 

Above, two forms of the barometer Below, the weight of a column of water, picssing 
on mercury (density D) with a force HDj' = hdg per unit area, lifts a column of mercury 
to a height H m the same way as the weight of the atmosphere maintains the mercury 
level of the barometer 

(about 1648) soon after Tomcelh^s experiments, and is now used as a means 
of calculating altitude At the top of Moxmt Everest (6| miles up) the weight 
of the atmosphere will only support a column of mercury 11 mches high 
At the height of 9 6 miles, reached by Professor Picard m 1931 (Fig 241), 3ie 
mercury barometer only registers 5 inches That the same force acts on any 
hqmd is easily proved Since mercury is 13J tunes as dense as water, the 
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pressure which supports a column of mercury 30 inches long at sea-level 
V ould support a column of water 13} times as high, i e about 34 feet 
This IS easily sho^'tn to be true^ ana provides a good enough reason for pre- 
ferring the use of meicury to water m constructing a barometer There are 
several others 

The most familiar use of the barometer m everyday life depends on the 
fact that water vapotu: is less dense than air So a mixture of water vapour 
and dry ?ir is less dense than pure air Smee the height of the atmosphere 
may be taken to be nearly constant^ changes m the atmospheric pressure at 
any particular place chiefly depend on moisture and temperature A fall of 
pressure mean*? that the an is less dense, and this generally means that it 
IS more moist Hence lam is to be expect(^ This rule is not highly rehable, 
because changes m pressure also result from unequal heatmg of the earth’s 
surface Warm air is less dense than cold air, and the atmospheric pressure, 
tlierefore, depends partly on the temperature It is constantly changmg 
because of the wmds so pioduced A furtner comphcation arises from the 
fact that more water vapour is required to saturate warm than to saturate 
cold air In an island climate, the direction of the wmd is specially important 
In England ram may be anticipated when cold wmds are blowmg over the 
sea from the north-east, even if the barometer is nsmg In the weather 
forecasts now pubbshed, most importance is attached to the relative distri- 
bution of pressure based on wireless signals which make it possible to record 
how zones of high and low pressure are shiftmg from day to day A chart 
constructed on the basis of simultaneous records of pressure at different 
stations will frequently show closed areas of high pressure (anti-cyclones) 
from which dry wmds are blowing spirally outwards, or closed areas of low 
pressure (cyclones) where wet wmds are blowmg spirally mwards Their 
position changes from hour to hour, so that it is possible to foretell withm 
short limits where they will next be The approadi of a cyclone betokens 
wet weather, that of an anti-cyclone dry weather 

At sea-level m our climate the height of the mercury column vanes between 
29 and 31 mches Smee the force actmg on umt area at the base of a column 
of fluid (Jidg) only depends on its height, density, and the value of g which 
vanes only very shghtly with latitude and altitude, it can be calculated at 
once from the height of a column of fluid of known density The mass of 
1 cub ft of mercury is 848 lb The weight of a column 1 sq ft m cross- 
sectional area and 30 mches high is 848 x 30 -- 12 = 2,120 lb So the 
pressure of air which supports it is eqmvalent to a weight of 2,120 lb on 
every square foot, or approximately 14 1 lb per square mch A barometer 
can also be adapted as a pressure gauge (Fig 230) m measunng low or high 
air pressure Len exhaustmg a space, compressmg a gas, or recordmg the 
pressure of a water supply Pressure is often measured in “atmospheres,” 
the standard or uxut (one atmosphere) bemg the mean pressure at freezing 
tonperature m latitude 45®, This is 760 mm , or 29 92 mches of mercury, 
or 3^ feet of water Thus the pressure of a town water supply that will raise 
water m an upnght tube 100 feet high is almost exaedy 3 atmospheres. 
That is to say, the force exerted on every square mch is eqmvalent to a weight 
ofa X 14J or 44 lb to the nearest pound 
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THE SPRING OF THE AIR 

To be usefiila a recipe for making substances must include the quciati^ies 
of the mgredients and the yield The importance of cheniistrjr in riodein life 
depends on the fact that it can give us mles foi f ndm^ jLecines o^ soit 
Modem chemistry rests on the doctrme of the Gieek maLenaLsl*? Tr> chemical 
procesaes po maitei is lost Inciease m i*he weight of ore in^^rcdicnf of 
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Fig ' i<» 

Two types of pressure gauge The upper one is for me-isuimg smaU pitssurcs jn thf' 
neighbourhood of a vacuum The fluid does not begm to fall until the prc<.sure m the 
chamber to which the open end is attached falls below that ot a column ot fluid 
of length H, 1 e the gauge only measures pressures less than H When the fluid 
begins to drop the difierence h measures the actual pressure m the chamber Ihe 
lower one is for measuring small pressures m excess of that of the atmosphere 
(e g that of the gas supply) The difference h is the excesi of pressure over that of the 
atmospheres i e h must be added to the height of the barometer reading to get the 
pressure m the chamber Either type of gauge may be made more sensitive by using 
a hght fluid like water instead of mercury Of course, pressure measured in lengths 
of a column of fluid means nothing unless the fluid is stated If water is used for the 
lower type the barometer reading which must be added to h must be <nven m water 
umts, I e 13 times the reading of the mercury barometer 

mixture is accompanied by loss of weight of others which go to its makmg 
The saence of antiquity knew no general rules for obtainmg a good 3neld 
In the anaent chemical arts of metallurgy, medicme, and fermentation, 
substances appeared to gam weight and lose it accordmg to no detectable 
rules The Arab chemists knew that the oxide ore or calx produced when a 
metal is heated m air is heavier than the metal fiorn which it is formed When 
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Oie ore \/as reduced m the absence of air by heating with charcoal^ the latter 
disappeared, leaving only metal hghier than the original calx Why this 
shoLild happen they could not see, because they did not realize that air is 
pondeiable matter From the beginnings of the Iron Age, no substantia^ 
progress m the imdeistandmg of chemical processes was made, or was pos- 
sible till air Lad ceased to be a spuit When first carried out the experm^ems 



When tlie mechanism of the common pump vas fully understood, the old belief that 
respiration allows the vital spirits to escape fiom the body made wav for the recogni- 
tion that the chest movements are simply a mechanical device to ensure that the 
spongy cavities of the lungs whose thin walls are abundantly supphed with blood 
vessels receive a constant supply of fresh air The fimdamental peculiarity of the third 
state of matter is that it spreads out m all direcuons to occupy all the empty space 
available Among his many experiments on the mechames of the pump, von Guencke 
show'cd that a balloon can be expanded uU it burst, if enclosed m a large air space 
from which the air is pumped out The experiment can be varied by usmg the lungs 
of a freshly killed sheep If the windpipe is made airught by a ligature the lungs can 
be inflated to burstmg pomt In other words, the space which a gas occupies depends 
on the external pressure to which it is subjected An alternative modificauon of von 
Gueiicke’s experiment shown m this figure illustrates what happens m normal 
breathing T. he wmdpipe is open to the air The cavity of the glass bell jar in which 
the Ixmgs are suspended is airtight, and the floor of the bell jar is closed by a rubber 
sheet which can be depressed by a cord, thereby mcreasmg the capacity of the over- 
lymg space containing the lungs When this is done the lungs can be rhythmically 
inflated and deflated by the up and down movements of the cord This corresponds 
to the action of the muscular diaphragm or midriff which separates the chest cavity 
or thorax from the abdomen Durmg inspiration the midriff 1$ depressed so that 
fresh air rushes through the wmdpipe mto the lungs When it is elevated durmg 
expiration, some of the foul air is expelled The internal capacity of the chest cavity 
is also mcreased during mspiration by the expansion resultmg from the contraction 
of muscles which lie between die nbs and force the latter to bulge outwards 
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of Torricelli and Pascal, now almost commonplace m their simphcity, were 
the focus of one of the greatest revolutions m human knowledge They made 
air a weighty matter 

By themselves, all these experiments showed was that air has weight 
They teU us what the weight of the whole atmosphere is, but not the weight 
of a given quantity of air This was made possible by a discovery which 
followed imm ediately afterwards In the social circumstances of Galileo’s 
generation one of the pressmg technological problems which attracted atten- 
tion was how to pump w^'ater out of mmes, and fresh air mto them The 
mechamsm of the pump depends on what Hooke called the ”sprmg of the 
air ” The discovery of the vacuum was a necessary result of a correct xmder- 
standmg of how pumps work Although most of us think that we know ail 
about how a pump works, there is much to be learnt from it So far we have 
only considered the force a fluid — hqmd or gas — can exert by its own weight 



Fig 232 

The pressure at the base of a column of fliud of height h is measured by hdg only if the 

column IS free to move upwards 

downwards The measurement of pressure by the product hdg implies that 
the flmd is only prevented from moving upward by its own weight In a 
vessel closed at the top this is not so Smce a fluid commumcates pressure 
m all directions the pressure of fluid at the base of the projecting arm m 
Fig 232 IS the same as the pressure at the same level m the mam body of the 
flmd, and this does not depend on the height of the flmd m the closed limb 
Similarly, sohd bodies do not merely exert pressure m virtue of their weight 
They also exert pressure against any attempt to change their shape or volume, 
and hence density If we stretch a piece of spnng it returns to its normal 
position when we let go If we press on the handle of a bicycle pump when 
the orifice is closed, it springs back when we release our grip The pressure 
of the air withm it is greater than that of the outside air when its volume 
IS dmumshed Conversely, it is less than that of the atmosphere when its 
volume IS mcreased The action of the once “common pump’’ depends on 
the same fact (Fig 233) Raising the piston mcreases the volume of air m the 
cyhnder, and the water rises because the pressure of the atmosphere m the 
well IS greater than the pressure of the air m the pump itself 
A difficulty which prevented people from looking on air as a matenal sub- 
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Stance may have been partly due to the characteristic which specially distm- 
guishes the third state of matter fiom sohds or hquids In the gaseous state 
matter is highly compressible Liqmds and sohds only suffer mmute changes 
of volume under tremendous pressure In ordmary conditions each has its 
own charactensuc density which is fixed So, when we speak of a quantity 
of somethmg m everyday life we do not need to draw a sharp distmction 
between mass and volume We measure groceries m pounds or pmts 
accordmg to convemence A pmt of bran or meal or beer represents as 
definite a quantity of matter as a pound to us No thin g w'e do to a pmt of 
beer by ordinary methods at our disposal makes it less than a pmt, and two 



Fig 2J3 — The Common Pump 

Any pump which continuously forces or sucks up a fluid must have two valves In 
the figure one valve is the leather washer of the piston The hps of this are kept closed 
by the pressure of the air m the upstroke The other is a metal trapdoor kept tightly 
shut by the pressure of the water m the downstroke 

pmts weigh twice as much as one Unless we know the state of compression 
of a gas nothmg of the sort is true Two pmts may weigh less than one pmt 
When we stretch a sprmg its mass remams constant, but its mass per umt 
length dimimshes So to deduce its mass from its length we need to be told 
what is the stretchmg force, and how its length vanes with it To deduce 
anythmg about the mass of a gas from its volume we have to know how the 
density of a umt of mass, i e its volume, depends on the pressure There are 
two very good reasons why it is important to know this connexion We usually 
measure hquids and powdery sohek by volume, because it is generally 
easier to measure volume than to measure mass This is specially true of 
gases, because they are so light m ordmary circumstances So no advance 
towards an understandmg of how the weights of gases and sohds are con- 
nected, when they enter mto combmation, could be rapid, until it was possible 
to calculate the weight of a gas from the volume it occupies at a particular 
pressure. To get an idea of how much the progress of chexmstry depends on 
knowmg the spring of the air, you have only to imagme how many people 
would get served before closmg-up time if all beer were weighed out on 

N 
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scales before being sold Another fact which made it important to determme 
the sprmg of the air was that we cannot calculate how the barometer is 
affected by altitude unless we know it The atmosphere gets more rare as 
we ascend If the density of the air were the same at all levels we could 
calculate pressure at any altitude from the product hdg Smce the lower 
layers of air are pressed under the weight of all the air lying above them, 
they are more dense 

Discovenes, like misfortunes, rarely (if ever) come smgly They have 
their roots m the social experience of the time The law of the sprmg of 
the air was mdependently discovered by Boyle and Hooke m England, 



Fig 2S4 — ^BoYi^’'s Experiment 

The outside pressure is H, the difference of pressure between the air in the closed and 
open columns is / So the pressure m the closed column is / + H 

and by Manotte m France, withm a few years of Pascal^s experiment In 
England it is called Boyle's law, though the credit is probably due to Hooke 
To discover it, he used a U-tube containing mercury, one limb bemg 
closed CFig 234) If the bore of the tube is uniform, the volume (p) of air 
m the dosed hmb is directly proportional to the length of the air column L 
When the level of mercury m both limbs is the same, the air m the dosed 
one (A) IS not compressed. Its pressure is therefore equal to that of the 
atmosphere (H), (le that on the base of a column of mercury roughly 
30 mches high) If the hmb A were m commumcation with the air the 
mercury would nse to the same level m both hmbs when more was added 
to limb B If It IS dosed, the mercury does not use so fisT in hmb A, and 
the difference of pressure is proportional to the diffbrence (I) between the 
heights of the two columns So the total pressure (p) of the gas m the closed 
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limb IS measured by the (/ -h H) Smce pressure mcreases when volume 
dimmisnes, the simplest rule to explore is that the pressure vanes mversely 
as the volume, i e. 



or 


pV — ti 

Smce L is propomon'’! ro •v and -r H) to p, fSis is true if 

US -f- H) = constant 

Some data from one of Boyle’s experiments fi662), wnen the barometer 
reading vv as 29- mches, show now closUy tins rule was found to be true 
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Taking the mean value of the product as 352 3, you will find it mstrucuve 
to test the limits of accuracy by calculatmg / &om observed values of L, thus 

L(/+29^) = 362 3 

. /=(362 3 — L) — 29t% 

The largest discrepancy, when L == 4, gives / = 88 076 — 29 126 = 68 95 
as compared with 68 126, an error of less than IJ per cent Over a wide 
range the experimental error is very much smaller when the best modem 
glass and a more finely graduated scale is used For most practical purposes 
the connexion between the pressure and volume of gas is dierefore given 
by the formula 

pv==k 

Smce volume is mversely prpporuonal to density, this is eqmvalent to saymg 
that pressure is directly propomonal to the density of air (or other gas), i e 

p = Kd 

or that density is direcdy proportional to pressure, i e. 


d= K'p 
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Assummg that the temperature at which all experiments are carried out 
IS the same, Boyle’s law tells us how to calculate the density of a gas at any 
given pressure Hence we can calculate the mass of a given volume at a 
particular pressure, once its density has been found at some standard pressure 
The densities of gases are usually given at the standard pressure of 760 mm 
of mercury If a gas occupies a vessel whose capacity is 38 c c at 750 mm , 
and at the temperature of freezmg water (0° C ), 750 x 38 == ft If its 
volume at 0® C and standard pressure is V, 760 V = ft Hence 


V = 


750 X 38 
760 


= 37 5 c c 



Fig 235 


and tyre, like the common pump tor raising water, have two 
valves The leader washer valve of the piston is kept closed by the greater pressure 
in the ^Imder during the downstroke, and the rubber tube valve of the tyre is kept 
closed by the greater pressure of the air in the tyre during the upstroke 


So if Its density at standard pressure and 0® C is 1 3 grams per litre, (1,000 
c c ), the mass of 38 c c at 760 mm and 0® C is 


(1-3 X 37 6; - 1,000 = 0*04876 grams 

As we all know, hot air nses The density of air or any gas diminishes 
^nsidcrably as the temperature is changed, if the pressure is kept the same 
So Boyle’s law by itself is a safe gmde for measuring gases only if aU eapen- 
ments are done at the same temperature Manotte used it to calculate (see 
Fig 241) the pressure of the atmosphere at any height above sea-level, by 
aBowi^ for the changes m density due to the compression of the lower layers 
of air by thetmes lying above* 
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THE \ACUl-\I 

To measure gases bv means of Boole’s law in the way illustrated by the 
example, we need to kno\^ Jieir densities at some standard pressure and 
temperature This can be done once for all by w eighing a vessel of known 
capacity when filled v\ itn the gas, if its weight has been found when it contains 
no gas at ail, like the empty space abo\e the mercury m a barometer A great 
advance was made when the common pump was adapted for creating a 
^T^dcuum The m’^’^ention, for which von Guericke seems to have priority 
over Bo>le, was made aoomtlAe sameume as the discovery of the sprmg of the 
air, and like it happened independently m England and on the Contment 
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Fig 230 

A vacuum pump may be made from a bicycle pump by reversmg the position 

of the valves 


about the same time If Boyle is justly called the father of modem chemistry, 
von Guericke might wnth equal justice be called the father of steam power 
A device with which he used the suction of air m filling a vacuum to raise 
weights wras without doubt the parent of the mechanisms which led to the 
construction of the Newcomen engme 

The mvention of the vacuum pump also made it possible to subnut 
Galileo’s doctrme of terrestrial gravitation m the modified form, which has 
been stated earlier in this chapter, to the decisive test which Newton apphed 
By showing that a feather and a gumea fall through a long glass cylinder at 
the same rate when all the air is drawn out of it, Newton furnished direct 
proof that bodies fall with constant acceleration tn vacuo The constancy with 
which compact heavy sohds fall, as m Galileo’s experiment, through air is 
not remarkable when we remember how bodies gam speed m falling through 
a fluid. The vacuum pump made it possible to show then that the weight of 
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air at room temperature is only about 76 lb per 1,000 cub ft An equal 
quantity of glycerme weighs about 1,000 times, and of water about 800 times, 
as much as air at atmospheric pressure Neglectmg air resistance, this means 
(see p 372) that a substance with the density of glycerme would fall through 
air at an acceleration (1 — tunes its acceleration m a vacuum So the 

value of g calculated ^m observations m air would only differ by one part 
m a thousand from g measured in vacuo A sohd piece of mdiarubber has 
about the same density as glycerme, and if it happens to be a golf ball, falls 




Fig 237 — ^Depression of the Barometer Column by 
AN Air Bubble 

In making a barometer or pressure gauge, it is important to exclude small an bubbles 
between the mercury and the glass The presence of bubbles exerts a pressure m the 
dead space, depressmg the mercury column below the level to which it would rise if 
the vacuum were perfect The height of the column measures the difference m pressure 
between the atmosphere (pressure P) and that of the dead space If the latter is a 
vacuum the pressure m the dead space is 0, and the difference P 0 P If the 
dead space is not a perfect vacuum 

difference m pressure (p) « pressure of atmosphere (P) — pressure m dead space 
pressure of air m dead space == P — p 

Suppose e g that an air bubble of x c c at pressure P is introduced into the dead 
space of a tube of uniform sectional area a sq cm By the law for the spring of the air, 
Px = If the dead space is mcreased ffom D cm to d cm and the pressure drops 
from P to p cm ,d — D = P — p 


d saa p — p -f- D 

The volume occupied by the air bubble at the new pressure (P — p) is od 

(P — pyad »» A « Px 

— P) (P — P -M>) « Px 

The only unknown quantity m this equation is p, xf the dimensions of rhe tube* size 
of the air bubble, and the external pressure, have been measured Hence the new 
height of the column can be calculated 
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like me balls m Galileo’s experiments If it is made m the form of a football 
bladder y \^hich can be blowm up till the volume of air it displaces is several 

L jncL.ed nmes c:s great as the rubber itself^, ~ may be very nearly equal to 

d 

umr/, rnd ‘ ^ neai-y equal to zero So it will fall very slowly 





Fig 238 — ^Relation of ihe Air Space in a Diving Belt, to the 
Depth of Imiviersion 

If the sectional area of the bell is A, the dead space is Abj and the total capacity is Ac 
Hence the relative volume of the air space is 6 — c The pressure of water at the 
depth d IS eqtuvalent to atmospheric pressure P (cm of mercury), together with the 
weight per unit area of d cm of water Smce mercury is 13 6 times as dense as water 
d cm of water is equivalent to d — 13 6 cm of mercury, and smce water uansimts 
pressure equally m all directions the pressure m the dead space m equthbnum with 
water at the same depth m cm of mercury is 

P + ire 

Hence accordmg to Boyle’s Law, 

AcxP = A6(p + ^) 

b _ 13 6F 

c 13 6P + d 

If the depth is very great we can put a instead of d 


THE REVIVAL OF ATOMISM 

Whatever credit may be due to Aristotle as a student of animal hfe^ his 
treatise on physics was neither onginal nor m advance of his time His 
Attic partiality for disputation tnumphed over the robust common sense 
of hi8 Ionian predecessors m an attempt to accommodate Plato’s idealism 
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with the claims of natural enquiry to rank as a gentlemanly pastime In 
the end the supremacy of Plato’s mystiasm was the death-blow to Greek 
natural science Cyril Bailey’s collection of the remnants of loman know- 
ledge show that the earher Greeks had an uncanny gift foi drawmg correct 
conclusions from careful observation of nature without elaborate eqmp- 



FiG 239 — Measurement of Density by Fluid Level 

On the left are two tubes immersed m the same fluid of density D The dead space of 
one, m which the mercury level is H cm , is a vacuum, and HD^ is the diiTercnce of 
pressure between the atmosphere and a vacuum, i e the atmospheric pressure m umis 
of force The dead space of the other, m which the mercury level is A, contains some 
air The difference in pressure between the dead space and the outside air is hDg 
Hence if P is the pressure mside the dead space, HDg — P = hDg and P ~ HDg — 
hOg ^ Dg(H — h) Smce D is the same if the same fluid is used and g is the same 
at die same locahty we can express the pressure difference between two lots of gas by 
the difference of height (H — h) of two pressure gauge readmgs If some air is sucked 
out of a U~tube chppmg mto two different hquids, one of density D rising to level L, 
the other of density d nsmg to level /, the difference between the pressure of air P 
m the closed space and that of the outside air (A) is A — LDg as measured by the 
nse of fluid in the left-hand hmb, or A — Idg measured by the nse of fluid in the 
nght-hand hmb Hence 

A — LDg ^ Idg 
LDg = Ug 
L__ d 
/ D 

1 e the densities are mversely proportional to the heights of the columns 

meat such as we possess The doctnne of Atomism which Anstode apphed 
aH his ingenuity to overthrow was more than a lucky guess It was the fruit 
of dose observation by men m dose contact with the world’s work 
Although dominated by Plato’s teaching, which treated the shadow world 
of everyday experience with contumdy, the revival of classical learning had 
one salutary effect on sacnufic enquiry It led to the study of Plato’s antagon- 
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ist, EpicuruS;> who had adopted the Atomic doctrine of Leucippus and 
Democritus Prominent among the translators and commentators of Epicurus 
was Gassendi^ who was one of the founders of the Pans Academy Gassendi 
was the irreverent ecclesiastic who first determmed the speed of sound m air 
He also carried out an e^'^penmental demonstration which led to the abohtion 
of witch-burmng m Cathohc France more than half a century m advance of 
Protestant Scotland Tne mcxdent is recounted m Robertson’s A Short 
Histmy of Freethought Anuept and Modem (Voi as follows 

Among his other pracncal services to rationalism was a cunous experiment^ 
made m a village of the Low^er Alps^ by way of investigating the doctrme of 
witchcraft A drug prepared by one sorcerer was admimstered to others of the 
craft m presence of witnesses It threw them mto a deep sleepy on awakenmg 
from which they declared that they had been at a witches’ Sabbath As they 
had never left their beds, the experiment went far to discredit the superstition 
One significant result of the experiment was seen m the course later taken by 
Colbert m overridmg a decision of the Parlement of Rouen as to witchcraft 
(1670) That Parlement proposed to bum fourteen sorcerers Colbert, who 
had doubtless read Montaigne as well as Gassendi, gave Montaigne’s prescrip- 
tion that the culprits should be dosed with hellebore^ — a. medicine for brain 
disturbance In 1672, finally, the king issued a declaration forbiddmg the 
tribunals to admit charges of mere sorcery, and any iuture condemnations were 
on the score ot blasphemy and poisonmg 

Epicurus was not himself a scientific mvestigator He was mterested in 
man’s social life Like Karl Marx (who wrote his doctorate dissertation on 
the Greek atomists), he regarded the teachmgs of natural philosophy as the 
proper basis for social conduct Seemg how stupidity and cruelty like witch- 
bummg results from terror of the gods, he beheved that human relations 
would become more wholesome as men learned to recognize the orderly 
routme of a world m which no divme dispensation gives them a natural right 
to keep slaves So Aristotle’s hatred of materialism receives a suflBicient 
explanation from his pamahty for slavery 

The matenahsm of Democritus had two fundamental tenets The first is 
what we now call the conservation of matter It is expressed at the conclusion 
of an eloquent passage by the Epicurean poet Lucreuus m the memorable 
words 

When human life to view lay fouUy prostrate upon earth crushed down 
under the weight of rehgion, who shewed her head from the quarters of heaven 
with hideous aspect lowering upon mortals, a man of Greece ventured first to 
hft up his mortal eyes to her face and first to withstand her to her face Him 
neither story of the gods nor thimderbolts nor heaven with threatening roar 
could quell, but only stirred up the more the eager courage of his soul, filling 
him with desire to be the first to burst the fast base of nature’s portals 
On he passed far beyond the flaming walls of the world and traversed m mind 
and spirit the immeasurable umverse, whence he returns a conqueror to tell 
us what can, what cannot come mto being, m short on what prmciple each 
thing has its powers defined, its deep-set boundary marked Therefore religion 
18 put under foot and trampled upon in its turn* Us his victory brmgs level 
with heaven This is what I fear herein, lest haply you should fancy that you 

N* 
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are entering on unholy grounds of reason and treading the path of sin^ \vbereas 
on the contrary heinous rehgion has given birth to sinfiu and unholy deeds 
You yourself some time or other overcome by the ten oi -seeing f'les 
of the seers will seek to fall away from us Ay, mdeed, for how many dreams 
may they now imagme for you, suf&cient to upset the calculations of hfe and 
trouble all fortunes with fear And with good cause, for if men saw that there 
was a hxed limit to their woes, they would be able m some way to withstand 
the rehgious scruples and threatenmgs of the seeis This terror then and 

darkness of min d must be dispelled not by the rays of the sun and glittering 
shafts of day, but by the aspect and the lay/ of nature, v^hosc first pimciple v e 
shall begm by thus statmg, nothing ever gotten out of votlutig by divine power* 
Fear m sooth takes such a hold of all mortals, because they see many operauons 
go on m earth and heaven, the causes of which they can m no way tmderstand, 
behevmg them therefore to be done by divme power For these reasons when 
we shall have seen that no thing can be produced from nothmg, we shall then 
more correctly ascertam that which we are pursumg, both the elements out 
of which everythmg can be produced and the mannei m which all things are 
done without the hand of the gods 

The vacuum pump destroyed this terror and darkness of mind It estab- 
hshed a new realm of matter, and removed the air we breathe fiom the domam 
of ‘‘spirits ” Lest we be accused of emphasizmg the “material” benefits of 
scientific progress unduly, we may recall the feet that witch-burmng died out 
m England durmg the three decades which followed the revival of matenahsm 
In Scotland, where behef m the authority of the seers was more firmly 
rooted, the amiable practice persisted longer As late as 1004 one traveller 
records the spectacle of nine old women dymg at the stake on the same da;^ 
m Leith for dispensmg herbs — contrary to Scripture When at length correct 
information about the way m which chemical changes can be brought about 
had become more generally available, the execution and torture* of people 
supposed to be capable of suspendmg the laws of nature came to an end 


* The following atation from R D Melville in the Scottish Historical Rlviciv:, 
vol 2 (1905), tells of the ingenious sources of entertainment of which we have been 
robbed by the decline of Calvmism 

*‘The*barbanty of the tortures wreaked upon persons suspected ot witclicraft 
or sorcery is sufficiently instanced by the well-known case of Dr l*ian, alias 

Cunningham, schoolmaster at Saltpans^in I othian In the first place, his head or 

neck was *thrawn* or twisted with a rope, he was then ‘put to the most Severe and 
Cruel! pame m the world called the bootes’, shortly aherwards the nails of all his 
fingers were tom out with pmeers, two needles having previously been thrust under 
every nail ‘over even up to the heads', this proving unavailing to extort a confession, 
he was again subjected to the boot, ‘wherein he did contmue a long time, and did 
abide so many blows in them that his legges were crusht and beaten together as small 
as might bee, and the bones and the flesh so brused that the blood and marrow 
spouted forth m great abu nd a n ce, whereby they were made unserviceable for ever ' 
But continues the report ‘all these sjievous pames and cruel torments* felled to 
extort a confession, ‘so deeply had the Devil entered mto his heart/ Thereafter, 
by vw of a terror and example to all others ‘that shall attempt to deall m the lyke 
wicked and ungodlye acuons as witchcraft, sorcerae, conspirauon, and such like,* 
Fian was conde^ed to die m the special maimer provided by the law of the land 
on ^t bchalfe^ and he w^ accordmgly conveyed m a cart to the Castle HiU of 
Edinburg, and having first been strangled at a stake, his body was thrown into a 
ffie, ready provided, and there burned on a Saterdaie in the end of Januane 
1^ past, 1691 The narrau^ then quamtly but si g ni fi ca n tly proceeds to observe 
The rest o£ the J^tches wffich are not yet executed, remayne Sx prison tiU ferther 
triall and knowledge of his Majestie’s pl^isuxe ’ ^ 
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In Scotiand the last cases occLirrecl about 1727 Lecky tells us that nine years 
later *xie jn*r of tne associdced presbytery met to record with gnef their 
maDJin/ lz Mem Jie tide of modem doubt before turmng their attention to 
new cxpeoien-s Toi sausfymg th* deeper needs of mankind 

In S.r Tnomao Broune^ ^ho t^^^s moie enlightened than most of 

hiS v^oce of ^itcnes ‘'^ihcy that doubt of these are 

obliquely and upon conseqaencc a sort not of InSdels but Atheists the 

Devil natfc them aLeady m a Heresie JLh Capital as Witchcrafi His views 
on Lucrenus apD-opi^cite “*! do not much recommend the readmg or 
stuaymg of it, tneic oeii^g civers Lnpieties m it, and *tis no credit to be 
punctually \ersae m Nevertheles* tne new naturalistic temper which 
Brovroe dia much to sponsor was gaming ascendancy over what Browne 
humseif called ""the mortixUest enemy unto knowleage and that which has 
done the gieaiesc execution upon truth " The testimony of the surgeon was 
becommg as influential as the counsels of the Church Needham relates a 
significant episode 

On May 16, 1634, Sir William Pelham wrote to Lord Conway as follows 
“The greatest news from the country is of a huge pack of witches which are 
lately discovered m Lancashire, wherof it is said 19 are condemned and at 
least 60 already discovered, there are divers of tliem of good ability, and they 
have done much harm ’Tis suspected that they had a hand m raismg the great 
storm wherem his Majesty was m so great danger at sea m Scotland ” The 
women exammed by Harvey and his colleagues were the survivors of a batch 
of seven, three of whom had died m pnson, and they had already been examined 
by Bishop Bndgeman of Chester, who had made a haur-xaismg report on their 
spiritual condition In due course Mr Alexander Baker and Mr William 
Clowes, both Surgeons to the King, Dr William Harvey, his physician, with 
SIX other medical men and ten midwives co-opted by them, proceeded to the 
Ship Tavern at Greenwich, where the prisoners lay, m order to make their 
examination On the report which was subsequently made Harvey’s signature 
does not appear, but instead of it that of Alexander Reid, M d , the Anatomy 
Lecturer at Surgeons’ Hall The upshot of the affair was tibat no physical sign 
of diabohcal mtercourse could be found on the bodies of any of the women, 
no abnormal teats, cutaneous discolorations, or satamc brandmgs And the 
report was sent m to that effect, status that the examination had been under 
the direction and m the presence of Dr William Harvey 

A second tenet of the Greek materialists wbs that matter is not continuous 
Before there were good thermometers little was known about the expansion 
of solids or hqmds Compressibility was especially the characteristic of matter 
m the airy state. The recogmtion that air is matenal had to take account of 
this fact The Greek matenalists drew the bold conclusion that matter must 
be made up of weighty particles separated by a variable expanse of empty 
space, English ph3^icists of the seventeenth century, engaged m studymg the 
rules of gas compression, naturally welcomed the revival of the atomistic 
doctrme A century later it furnished the due to the fixed proportions m 
which elements combme to form new compounds Seemingly the stage was 
now set for a great theoretical development of dicmistry. This did not come 
till a mudi later date, those who now tdl usjthat economics m one 
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subject and psychology is another, the professional chemists of the day were 
still foUowmg the trail of self-evident principles 

ELASTICITY, COHESION, AND ADHESION 

How the existence of pulhng power exerted by the particles of which 
matter is supposed to be made up may affect the behaviour of matter in bulk 
IS illustrated by the phenomenon of elasticity or the resistance of sohds to 



Fig 240 — ^Adhesion and Cohesion 

cohesive power of water is less than its adhesive power to glass Hence water (a) 
clmgs to glass and wets it, Q>) exhibits a concave meniscus, and (c) creeps up a jfirwe 
^t»e The cohesive power of mercury is greater than its adhesive power for glass 
« cling to glass or wet it, (6) exhibits a convex memscus 

ana {cj smks below the gross equilibnum level m a Jine glass tube The hei^t of 
a convex meniscus is easier to read than that of a column which wets glass Hence 
mercury is better for thermometers or barometers (It is also better for thermometers 
^cause It expands regularly over a wide range, and has a high boilmg point It is also 
oetter for barometers because it is very dense and has a very low vapour pressure — 
see p ouo ^ 

change of shape A large quantity of a hquid exhibits no analogous phe- 
nomenon It takes the shape of the vessel m which it lies, and presents a flat 
level surface where it is free to move exc^t m so fer as the pull of terrestrial 
gravity holds it in position When the behaviour of liquids in flyie drops, 
thm films, and very narrow tubes is examined new cbaractenstics manifest 
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tJiemselves They vere first studied m the same social context as the air 
pump and the ^\ater- wheel by an English clergyman, Stephen Hales, who 
pubhshed an account of experiments on tne ascent of sap m 1727 



One of these characteristics, called cohesion:^ is seen when a soap film is 
stretched, or drops of oil are aUov^d to tnckle on to a large surface of water. 
The other, called adhesion^ is seen when a film of water clings to the finger 
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after it is withdrawn firom water in which it was previously inunersed 
According to the Newtonian view of matter, cohesion is mterprcted as the 
result of the pull which particles of the same substance exert on one anoiner 
The result of this is that whereas all the particles in the centre of a hquid 
are pulled equally m all directions, the particles at the surface can only 
pull on one another and those below them, and behave like a stretched sheath 
Hence the surface particles are only m eqmhbrium when they are all arranged 
symmetrically around the central bulk If this is small^ so that the total 
pullmg power of gravity on the bulk of the fluid is also small, the hqmd 
assiune s the sphencal form of a drop Adhesion, on the other hand, repre- 
sents the p ullin g power of particles of one substance on those of another 
When this is large compared with the force of gravity, as when the bulk of 
the water has tnckled off the finger, it may be suffiaent to resist further 
separation beyond a certain pomt A film of fliud therefore chngs to the 
sur&ce with which it is m contact and “wets” it Some fluids exhxbit very 
little adhesion for particular surfaces, and do not “wet” them 

In general, the behaviour of a hqmd at its surface of contact with a sohd 
IS detemuned by the mterplay of both these charactenslics If the fluid does 
not wet the sohd, i e if the power of adhesion is relatively msigmficant as 
compared with cohesion, the surface of the hqmd tends to assiimc the 
sphencal shape so that the edge of the hqmd m contaa with the sohd is 
depressed (Fig 240), and the meniscus or air-hqmd surfiice is convex 
upwards If the flmd does wet the sohd the edge of the flmd m contact with 
It is drawn upwards, and the meniscus is concave upwards The result is 
that m tubes of very fine bore the rule that hqmds find their own level is no 
longer true If the hqmd (e g mercury) does not wet a glass tube, its surface 
IS depressed appreaably below the gravity level. If (e g water) it does wet 
the glass, it rises appreciably above it In exceedmgly fine tubes, like the 
mmute vessels m the wood of plants, or the narrow spaces between particles 
of soil, water may nse to a very considerable height on this account 
Capillmty, as the ascent of flmds m very fine tubes is called, can be illustrated 
by subsututmg a piece of dead bamboo for the wick of a par affin lamp The 
parafSn creeps up the bores, and ±e bamboo acts as an effiaent wick. In an 
ordinary oil-lamp or candle the wick itself acts m the same way The oil or 
molten wax creeps up to the flame through the flne spaces between the 
threads 


THINGS TO MEMORIZE 


1 The initial downward acceleration of a body of density D m a flmd of 


density d is given 



2. Boyle’s Law. pv = k, or, where d is the density p *= Kd and d «= K'p 
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j3X>JViPJLES ON CHAPTER VII 


i l 2 i the folio /'ing taole me sign — indicates uiai the substance sinks, 
incicc^es Jiat .. ScaIg and 0 act does not wscra edi^ do either Find the 
appro^omsite densjti^y of eacn oi soads 
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2 Taking the density of mercury 3b 13 o gm per c c , iron 7 8, gold 19 3, 
lead 11 35, silver 10 6, aluminium 2 7, and magnesium 1 74, calculate the 
acceleration with hich each of tiicse metals will begin to rise or fall under 
gravity when plac« d in (d) mercury, {b) chloioform, (c) water, (d) gasolene 

3 If the density of sea water is 1 025 gm per c c , what will be the presstire 
m kg per sq cm at a depth ot 1 km below the surface of the sea, neglectmg 
atmospheric pressure? 

4 A U-tube of uniform bore of diameter 1 cm is about half filled with water 
If the density of oil is 0 85 gm per c c , how many c c of oil must be poured 
mto one hmb to make the level of the water rise 6 cm m the other? 

5 At what angle to the vertical must a glass tube open at the top and con- 
tainmg water be gradually tilted until the pressure at the toot of it due to the 
water is dimimshed by h^f? 

6 What IS the ratio of the pressure on the upper half of one side of a cistern 
full of water to the pressure on its lower half? 

7 The lock gate of a canal is 14 feet wide and 9 feet deep How great is the 
pressure m tons weight on one side of it, if the water is level with the top and 
the density of water is 62 4 lb per cub ft ? 

8 In a hydraulic press the cross-sectional areas of the small and large 
plungers are respectively 1 sq m and 100 sq m If the mechanical advantage 
of the lever handle is 5, what is the upward force of the ram when the lever 
handle exerts a force of 1 ewt ? 

9 If the densities of glycenne, water, and ethyl alcohol, are respectively 126, 
1 0, 0 79 gm per c c , find the mitial acceleration of a piece of iron of density 
7 86 gm per c c falling m each 

10 The diameter of a small plunger m a hydrauhe f)ress is 1 mch and that 
of the large plunger 1 foot What is the upward force exerted by the ram 
when a downward force of 56 lb is apphed to the smaller plunger? If the smaller 
piston moves through li mches m one stroke, find how far the ram has moved 
after 10 strokes 

11. Fmd the height of a barometer in which oil is used of density 0 845 gm 
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per c c 3 knowing that the height of a mercury barometer is 762 mm and the 
density of mercury is 13 6 gm per c c 

12 A closed vertical tube has its open end inserted m a bowl of water It is 
noticed that the surface of the water is 10 feet below the closed end of the 
tube Knowmg that the height of the water barometer is 33 feet, what is the 
pressure m the enclosed space due to the column of water ^ 

13, Observation shows that the barometer falls an mch for every 900 feet 
above sea-level A t-nan takes a pocket aneroid barometer, which is used to 
determme the heights of mountams, up a moimtain, ascendmg m 3 hours and 
descendmg m li hours The barometer registers 29 0 mches at the foot, 26 8 
mches at the top, and 28 7 mches at the foot of the moimtam after descendmg 
Estimate the height of the mountam 

14 What IS the atmospheric pressure m lb weight on a circular disc 
3 mches m diameter^ 

15 A tnan blowmg mto one limb of a U-tube half filled with mercury causes 
a difference of level of 4 cm m the two limbs What pressure does he exert m 
dynes per sq cm ? 

16 What IS the volume of a quantity of gas at st an d ar d pressure, i e 76 cm , 
if^ when the barometer reads 72 cm , the volume of the gas is 159 c c ? Fmd the 
pressure at which it would have a volume of 200 c c 

17 A cyhnder 12 mches long has a piston halfway down so that there are 
equal quantities of air on each side of it Fmd the ratio of the pressures on the 
two sides if the piston is pushed down so that it is only 1 mch from one end 

18 A closed tube 160 cm long is half filled with merctiry, and its open end 
mserted m a bath of mercury, makmg sure no air escapes from the tube If the 
barometer reads 76 cm , what is the length of the mercury column m the 
tube^ 

19 A depression of the mercury column m a barometer is caused by a httle 
air m the space at the top of the column, so that the barometer reads 28 mches 
mstead of 29 mches, and 29 mches mstead of 30 2 mches Determme the 
correct value of the atmospheric pressure when the erroneous readmg is 
29 4 mches 

20 A thin tube of soft glass is taken and a thread of mercury 8 cm long is 
drawn mto it One end of the tube is sealed off m a bunsen flame entrappmg 
a quantity of air between the mercury and the end When the tube is suspended 
with Its closed end down, the length of the air column is 16 1 cm , but when 
It IS suspended with its closed end up, the length of the column of air is 20 0 cm 
What is the pressure of the atmosphere? 

21 If the mercury barometer reads 46 mches mside a cyhndrical divmg 
bell 8 feet high, of which the top is submerged 12 feet below the surface of the 
water, how high has the water risen m the bell? 

22 If a htre (1,000 c c ) of dry air at 76 cm is found to weigh 1 3 gm , how 
much space does 2 gm of dry air occupy at the same temperature when the 
pressure is 70 cm ? 

23 A closed cyhnder of sectional area 10 sq cm stands 26 cm above tHe 
level of water m a wide dish. The level of water m the cyhnder is 20 cm above 
the level of water m thp dish Fmd (a) the pressure of the air m the cyhnder m 
terms of the mercury barometer, takmg the specific gravity of mercury as 13, 
( 6 ) how high the cyhnder will stand above the level of water m the dish, if it 
IS depressed till the level of fiuid inside and outside is the same 

24, A rubber balloon weighs 0 6 gm With what acceleration will it begin to 
fall if It 18 blown up till its cubic capacity is (a) 760 c,c., (i>) 1 htre, (c) 2 6 litres? 
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Assume the pi assure mside tht oalloon .o be i} atmospheies m each case and 
that the density of air is 0 0013 gm pc c c 

25 When a U-tube hydrometer as snown m Fig 239 is inverted with one 
limb m mercury and the other m water, the fluids nse respectively to 0 75 cm 
and 9 75 cm when some air is sucked out A httie air is readmitted, and the 
mercury drops to 0 4 cm What is the water levcP 

26 One hmb of the same apparatus dips m mercury, the other m turpentine 
The level of the turpentme is 8 9 cm and that of the mercury is 0 6 cm Use 
the data of the last example to find the height of the water column if one hmb 
dipped m water and the level of turpentme in the omer was 10 cm 

27 The glass tube of a meicury barometer of sectional area 0 7o sq m 
stands 38 mches above the level of mercury m a large deep dish The level of 
flmd m the latter does not vary appreciably when all the fluid m the tube is 
removed If the atmospheric pressure is mches, how much will the mercury 
be depressed by mtroducmg a bubble of a.r (a) 0 001, (b) 0 01, (c) 0 1 cub m ^ 

28 If at a certam tempeiatuie 1 gm of air occupies 1 Ltre, at 76 cm pressure 
on the mercury barometer, we can put instead of po ^ 

76 X 1,000 = k 

At that temperatuie /e has the value 76 000 when the umt of pressure is 1 cm 
of mercury and the unit of volume is 1 r c Simiiarly calculate for the same 
temperature the numencal value of / (a) when the umt of volume is the htre 
and the umt of pressure the ‘'‘aimo,” i e the pressure exerted by a column of 
mercury 76 cm m length, (bj when the unit of volume is the cubic centimetre 
and the umt of pressure is 1 dyme pea sq cm (Density of mercury = 13 6 gm 
per c c , and g = 981 cm per second per second ) 

29 At 0® C 1 gm of hydrogen was fotmd to occupy 112 htres at 760 mm 
on the mercury barometer At the same temperature 1 gm of oxygen occupied 
0 710 htres when the pressure was 750 mm , and 1 gm of mtrogen occupied 
0 789 htres at 770 mm Give the density in gm per c c of the three gases, and 
express to the nearest whole number the relative densities of oxygen and mtrogen 
tal^g hydrogen (RD = 1) as standard 

30 The density of hydrogen at 0° C and 760 mm pressure is 0 00009 gm 
per c c The relative densities of ammoma, carbon dioxide, and sulphur dioxide, 
are respectively 8 5, 22, and 32 Fmd how much space at 0° C 1 gm of ammonia 
would occupy at 750 mm , 1 gm of carbon dio\ide at 740 mm and 1 gm of 
sulphur dioxide at 770 mm 

31 The density of petrol is about 0 7 gm per c c and of cork 0 25 If air 
at 0® C and 760 mm pressure is 14J times and sulphur tnomde is 40 tunes 
as dense as hydrogen, compare the imtial acceleration under gravity of a drop 
of mercury, a ram drop, a drop of petrol, and a piece of cork, falling m each of 
these three gases at a place where g m vacuo is 32 ft sec * Use any relevant 
data m the foregomg examples 

32 At a place where the value of g is 32 ft sec ^ compare the period of a 
platmum pendulum which beats seconds m vacuo, if made to swing m an 
atmosphere of (a) air, {b) hydrogen, (c) sulphur trioxide Neglect atmospheric 
resistance 
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THE REBIRTH OF MATERIALISM 
The Exhaiistton of the Neoldhic Ecoitomy 

PHARMAcnjTiCAL estoblishmentb axe ^metimes called fbeuifst’s snops Until 
the Industnal Revolution what cbc-nnstry vat. taught m the official seats of 
learning was a branch of medicine Accoidmg to ? statement of Voltaue m 
the Dictumnatre Phtlo:>ophtque, the Parliament ol Pons in lG2i passed a law 
which compelled the chemists of the So’boms to conform to the teaching 
of Aristotle on pam of death and conliscanon of goods The gieat mtellectual 
progress winch occurred m the nascent Proteolant democraaes duru^ the 
ensuing half century is illustrated by the words of Joss^ph GlanviU, who is 
notable for his tract on witch-burmng In his book Modem ImpovameniA of 
Useful Knowledge pubhsned m 1C75, GianviU wrote. 

Among the Egyptians and Arabians, the Paxacelsians and some other modems 
chymistry was very phantasne, unmtelligible and elusive But its later 

cultivators, and particulaily the Royal Society, have refined it from its dross and 
made it honest and sober, and mtelhgible, an excellent mterpreter to philosophy 
and help to common hte For they have laid aside the delusory designs and vam 
transmutations, the Rosicmcian vapours, magical charms and supcistiuons, 
and formed it mto an mstrument to know the depths and eflhcacies of uatme 
And this IS no small advantage that we have above the old philosophers ot the 
Notumal way 

The Notional way was the phrase which Sprat (p 652) and the founders 
of the Royal Society referred to the Aristotelian attempt to found a saence 
on self-evident prmaples Events proved that chemists, like the economists 
of our own tune, were reluctant to abandon it In tffis chapter we shall 
see how new social needs which accompamed the mdustnal expansion of 
the seventeenth and eighteenth centunes refined chemistry from the dross 
of Anstotehan philosophy and the Rosicruaan vapours to which Joseph 
Glanvill alludes 

Mercniry combmes with the yellow gas chlonne to form two different 
substances One is the highly poisonous corrosive sublimate (mercuric 
chloride), now used as an antiseptic for washmg wounds The other, which 
contains twice the ratio of mercury to chlonne by weight, is the purgative 
cedomd (mercurous chlonde) In an old chemical work, wntten before the 
recogmtion that air has weight, the formation of the calomel by gnndmg 
crystals of corrosive subhmate with the hquid metal itself was'desenbed by 
the statement, “the fierce serpent is tamed, and the dragon so reduced to 
subjection as to oblige him to devour his own tail.” The words will not 
appear to be pure rhetonc, if we recall the expedients employed to make the 
supposedly imponderable spirits pass out of the air into the mgredients of 
the retort Anaent number magic had associated the seven best-koown 
metals with the seven bodies classified as planets in the pre-Gopemican 
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astioj^omy the SwU ^itfc me i^ioon sJ’-er, Mercury with mercury, 
VcBt^s copfr^-5 ' w’"Ii xor^ '"uoitc*- Viith on, and Saturn with lead 
Si’ccess m cor^orj:^ s irKt p^Soidcd o er chemjtcal processes m 

whjLCii these merais fc meet cojuipou^r^s, ci ^ere e: ciacted ftom their com- 
pounds, A^as not to he c'^pe^^ec tmless me was criricd out when 

the approrncte cele^tiat body mol^g i.s trans.^ above the mendian 
The vsnous co^^’'ncLG10 rS irt ceveial pianets ofTered specially propitious 
cuainiSw*u:ces "Ci v^^hiich didferent rnetals participated 

Only tLiee cenn-^^e-) crr-ce inese beliers were waCely accepted 



Fig 212^ — An Old S\xMbol Rtpreseo^ting iht Dissolution of Gold 

IN Aqua Ri:gia 

We are apt to dismiss them as magic, and to forget that the distmction 
between the world of matter and the world of spirit was a very tangible one 
when theology upheld witch-bummg In the sixteenth century its professors 
had not convemently jSxed the boundary where the realm of possible proof 
and disproof ends Medieval Europe accepted the authority of Aristotle 
and of the Apostle Paul Accordmg to the Paulme view stated m the First 
Epistle to the Coimthians (1 Cor xv 40-52), anythmg which did not obey 
the Aristotelian law of gravitation was ipso facto spint The resurrected body 
was not invisible. It was merely imponderable, as the vapours of the alchem- 
ical retort were then supposed to be A literal behef m the resurrection offered 
no difficulties m an age when the basic processes of medicme and metallurgy 
were beheved to be modelled on the same plan 
The discovery that air has weight, and that air is, m short, a form of 
ponderable matter, earned with it the recogmtion that there is a third state 
of matter m contradistmction to the hquid and the sohd state. Smee there 
are many dififerent sorts of matter called sohds or liquids, it was natural to 
suppose that other substances may share with air the charactenstics which 
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distmgmsh air from matter m the hqmd or the sohd state A new word 
gas now replaced ^'spirits,” derived from an equivalent Teutomc word which 
did not carry mto mternational usage the mystical content of its original 
meaning It was first used by van Helmont in 1648^ about the time when 
Torricelh’s experiments gave new and conclusiie evidence for the weight 
of the air Durmg the century and a half v^hich elapsed bemeen the death 
of van Helmont and the beginnmg of the nmeteenth centur}’' the arts of 
manufacture received a new impetus from discoveries which made it possible 
to distmguish different forms of air, or, as we now say, different gases 
These discovenes led to new rules about how substances combme or can 
be broken down to form new ones What we call modem chemistry, m contra- 
distmction to the chemistry of antiqmty or the Middle Ages, is the theory 
of manufacture based on the knowledge that different gaseous elements enter 
mto the composition of different objects of use 

The recogmtion of the gaseous elements beats a very close relation to the 
growth of mining and its problems m the sixteenth century Agricola’s De 
ReMetalhca (1566) gives us a compiehensive picture of the class of techmcal 
problems which stimulated research into the physical piopcrues of air 
The story it tells is very different from the descnptioru of minmg given by 
classical histoiians like Diodorus Siculus The mmer is no longer a slave in 
a cham gang workmg imder the overseer’s lash ‘‘A mmer, smce we think 
he ought to be a good and serious man,” writes Agncola, “should not make 
use of an enchanted twig, because if he is prudent and skilled m the nature 
of signs, he understands that a forked stick is of no use to him ” The sixth 
book of Agricola’s treatise, dealing especially with the problems of pumpmg 
and ventilation (Fig 243), ends with a section on “the ailments and accidents 
of mmers, and the methods by which they can guard agamst these ” It is 
not an exaggeration to say that these represent the two prmcipal themes 
which underhe the recogmtion of the mdividuahty of gases 

With the growth of deep-shaft minmg for metals and the mtroduction of 
coal as fuel m the latter part of the sixteenth century two new problems had 
emerged m the everyday life of mankmd One was What makes air foul to 
breathe or capable of sustaining kfe? The other was What makes air inflam- 
mable and explosive like gunpowder, or mcapable of supportmg combustion^ 
The phenomenon of combustion itself took on a new complexion through 
the mtroduction of gunpowder and the use of coal for fuel Previous sources 
of fuel had been exclusively animal (e g tallow) or vegetable (wood and 
charcoal)* That a seemingly mmeral substance of “earthy” ongm should 
produce fire was contrary to the prevaihng behef that all substances were 
built up by combmations of earth, air, fire, and water, or of sulphur, salt, 
and mercury The mtroduction of steam power, begmnmg with such mven- 
tions as the Marquis of Worcester’s patent at the end of the seventeenth 
century, made the nature of combustion a topic of mcreasmg mterest* Mean- 
while, ^e rapid mdustnal development which accompamed the successive 
mtroduction of water power and steam power was leading to the gradual 
exhaustion of the sources from which the crude chemicals employed by the 
traditional methods of the cloth, mining, glass, and soap-making industries 
were denved« 
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One important facet of the social baci^giornd of the of cnemical 

science m the seventeenth centmy is that v/arfaie was an increasing 

demand on gunpowder> and the success of the iismg trovesiuanl Jeino^racies 
depended on exploiimg the new techmque of seif-defrnce and imp. iidist 
expansion Of the three most usual ccnstitucnts of ‘^gunpowder* — charcoal^ 
sulphur, and saltpetre, i e. mtrates — tnc supply the fiist f.om ^veexi ind the 
second from volcamc sources, oiierca comf arativciy htlle diMcui»y The 
detection of sources of natural nitiaies involved oiure analylrcji sepm >tication 
Concermng the discovery of gunpowder , v^rxou^v dates are cited The ti t^th 
IS that no precise date can be given The various lecipes which are called by 
that name emerged gradually from the practice cf mcendiaxy rvaifaic. before 
the means of purifying the constituents as yet existed The use of Lunung 
pitch and oil, camphor and resms, to discomfit a besieging force is of gieat 
antiquity, and the certamty that explosive mixtures were known to the 
C3unesc and m India before the use of artillery m Europe helps us to imder- 
stand how the knowledge grew by easy stages In these countiies natural 
deposits of mtrates are formed where theie arc manui^ heaps The accidental 
recogmtion that pitch contammated with this natural *‘salt” would bum 
more vigorously cannot have been a specially remarkable disco vciy 

The natural salt was first known as ‘‘Chinese Snow,” later as saltpetre 
Crackers and rockets made of bamboo packed with saltpetre and combus- 
tible matenal were used as mcendiary devices befoie the construction of a 
metal cannon«to propel a dart or ball was accomplished m the thirteenth 
century. The earliest reapes of explosive or mcendiary mixtures mclude, 
m addition to saltpetre, resm and brimstone (sulphur), sulphur and charcoal, 
or sulphur, charcoal and camphor as the combustible constituents Once 
the metal case was mtroduced, the destrucuve possibihues of gunpowder 
became a dominant feature of ii^tary techmque, and a new mdustry wluch 
promoted the search for materials of dependable punty came mto bemg 
Marshall (Explosives^ Vol 1) tells us that: 

In the fourteenth century gunpowder was only used on a small scale, and 
was made m ordinary houses with pestle and mortar We hear, for mstance, 
that the Rathaus at Lubeck was destroyed by fire in 1360 through the careless- 
ness of powder makers Bcrthelot has stated that there were powder mills at 
Augsburg m 1340, at Spandau m 1344, and Licgmtz m 1348, but Feldhaus 
could find no confirmation of these statements m the archives of these towns 
There is no mention of gunpowder or fire-arms m Augsburg before 1372 to 
1373, and the first powder mill was erected at Spandau m 1078. The scale of 
operations gradually mcreased, and in 1461 we find the first mention of a 
‘‘powder-house” m the Tower of London> powder was made there for many 
years, as also m Porchester Castle In the sixteenth century mills of considerable 
size were m existence* the Liebfirauenkirche m Liegmtz suffered at this time 
from the effects of explosions in a mill near by. In 1004 to 1000 a gunpowder 
mill IS said to have been erected at Rotherhithe, and about 1061 George Evelyn, 
the grandfather of John Evelyn, the dianst, had mills at Ixmg E^tton and 
Godstone, having learned the methods of manufacture m Flanders. A few 
years later he obtamed fixim Queen Elizabeth a monopoly of the manu&cture 
of gunpowder, which he and his sons were able to mamtam or less 
1636, when Samuel Cordeweil obtamed the monopHoly, whidh was aiboHsJbed 
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by Parliamea^ in LJit. -vear ber^rc tiie ontoreab of tJae Civil War George 

Evelyn mane a foiti^ne ou« oi gonpovv -ler 

Among vbe disf papcis co xuianicite'^ lo the English Royal Society we 
find an account of liic TEstOiy of the i^laiang of Salt-Petei^” m which the 
author, Mr HenshjWj declarer the only place theiefore wheie salt- 

peter IS to be found in thee^ nc^dicm countries is m stables, pigeon houses 
” Henshaw gave a -LCCxpe fot •’nakmg ""salt peter*® from the natural 
nil rale content of fcmle eajdt Aooui 1650 the German chemist Glauber 
shoved that salcpetie can lepijc:: mf^nure as a means of restcrmg the femhty 
of exhausted soils Ke caUea b.s hoo^c The P'iospenty of Germany The dis- 
covery of new sources of matcrul'^ nad now become a necessary prereqmsite 
of piospemcy How GiaaberS cIxscoica^ Jiat saitpme can be used as a substi- 
tute for manure arose from the social practice of his times is illustrated weU 
enough by the foUowmg passage fiom Marshall's treatise on the history of 
Explosives 

In Europe theie aie ver^^ few localmes where m*jate can accumulate m the 
soil to such an extent that a profit could be made by extracting it There is no 
prolonged dry season duimg which deposits can form without bemg washed 
away agam Consequenilv saltpetre could only accumulate m sheltered places, 
such as cellars and stables, cspeci ‘liy those m winch there was much mtro- 
genous matter undergoing accomposAt^on Ao it was of the utmost importance 
in evciy country to have a suffici^'ni supply ot saltpetre, especially m time of 
war. Its production lormeii the subject of royal decrees and orders at an early 
date In France, officers Csalp^tneis commissiones) were appointed m I5i0 to 
search for and extract saltpetre, and no doubt the mdustry was m existence 
some time before This edict was confirmed and renewed m 1672, and again 
whenever France was wagmg a serious war The saltpetre workers operated on 
the earth of stables, sheep-pens, cattle-sheds, cellars and pigeon-houses, and 
on the plaster and rubbish removed when houses were pulled down They 
had the right to gather mateiial everywhere, with scrapers and brushes in 
the houses, with picks and shovels m places not inhabited No building or 
wall could be pulled down until notice had been given to the saltpetre workers, 
who stated which parts they wanted reserved. ... In the reign of Louis XIII 
(1610 to 1643) the annual crop of saltpetre amounted to 3,600,000 lb , but it 
gradually diminished m the eighteenth century largely on accoimt of the strong 
objection tlae people naturally had to the presence of saltpetre workers m their 
houses and domains Until the sixteenth century saltpetre seems mostly 

to have been imported mto England, much of it commg from Spam, but m 
1616 Hans Wolf, a foreigner, was appomted to be one of the Kmg’s gunpowder 
makers m the Tower ot London and elsewhere He was to go from shire to 
shire to find a place where there is stuff to make saltpetre of, and ""^where he 
and his labourers shall labour, dig or break m any ground He is to make 
compensation to its owners And m 1631 Thomas k Lee, one of the King’s 
gunners, was appomted prmcipal searcher and maker of gunpowder 
gunpowder was only manufactured m England on a small scale imtil the second 
half of the sixteenth centuiy when George Evelyn started mills on a compara- 
tively large scale Consequently there was htde difiBlculty before that time m 
obtaining sufSlcient saltpetre, but then it became necessary to grant the 
saltpetre men speciai pnvileges for digging up the fioors of stables, dovecots 
and even private dwellmgs, and the kingdom was divided mto a number of 
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areas m which the collection and working of the saltpet»*e was assigned to various 
people In 3661 Queen Elizabeth gianted Gerard Honrick, a Dutchman^ £500 
(or £300) for teaching wo of her subjects how to make saltpetre In 1588 she 
granted a monopoly for gathenng and workmg saltpetre to George Evelyn^ 
Ricliard Hills^ and John Evelyn The monopoly extended over the whole of 
the south of England and the Midlands, except the City of London and two 
miles outside it In 159b Robert Evelyn acquired the rights m London and 
Westminster from the hcensees there As a rule, hovievei, the Evelyns did 
not work saltpetre themselves, but bought it from the saltpetre men In the 
reign of Charles I there was considerable friction between the saltpetre men 
and the pubhc, but it was probably due more to the wealtness of the Crown 
rhqn to any real difficulty m ob tainin g m England the quantity of saltpetre 
required, viz 240 lasts per annum There was also competiuon between the 
saltpetre men and the soap-boilers for wood ashes, which were then practically 
the only source of potash and were required for the conversion of sodium 
nitrate into the potassium compound The Bast TnJia Company, then in 

Its infancy, imported IncLan saltpetre mto England as early as 1625, and set up 
a powder mill m Windsor Forest, which, however, was stopped on the ground 
that It mterfered wuth the Kmg^s deer Next year tlie Company received a 
hcense to erect mills m Surrey, Kent, and Sussex At this time its importations 
were on a small scale, but when its charter was renewed m 1093 it was stipu- 
lated that 600 tons of saltpetre should be supphed every year to the Ordnance 
Ever since then, Indian saltpetiehas been used very largely m England tor the 
manufacture of gunpowder 

The need for saltpetre affected chemical enquiry in two ways It provided 
a direct mcentive to studymg the natural history of sails, and mdirectly 
encouraged reseatch mto the way in which the green plant gets its food 
Glauber’s work, which showed that the saltpetre, le mtrate content, ot 
manure is mainly responsible for its effect on the feicdity of the soil, stimu- 
lated paraUd enqumes m England Such experiments on soil fertility are 
among the &rst examples of chemical analysis, m which the weight of all 
the constituents of a reaction is tested I’he same care m measurmg the 
weight of substances takmg part in a reaction is also shown m experiments 
suggested by the use of metallic alloys m makmg corns of the realm An 
account of such experiments by Lord Brotmeker is given m Sprat’s Htstoty 
of the Royal Society The paper entitled ‘'Expenmenis on the Weight of 
Bodies mcreased m the Fire, Made at the Tower,” gives examples of metals 
which gam weight when heated m air 

Sprat’s History also mentions that the Royal Society had encouraged *^the 
chyimcal exammation of French and English wines ” The ‘‘Proposal for 
IViikmg Wme” put forward by Dr. Goddard, and included in Sprat’s 
collection of communications made to the Society m the i&rst few years of 
Its work, contains a passage worth quotmg 

It IS recommended to the Care of some skilful Planters m Barbadoes, to try 
whether good Wme may not be made out of the Juice of Sugar-canes. That 
which may mduce them to beheve this Work to be possible, is this Observa- 
non, that the Juice of Wme, when it is dried, does always granulate in to Sugar, 
as appears m Raisins, or dried Grapes and also that m these Vessels wberem 
a cute, or unfermented Wme is put, the Sides are wont to be oovwt^d over with 
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a Crust of Sugar Hence it may be gather’d, that there is so great a Likeness 
of the Liquor of the Cane, to that of the Vme, that it may probably be brought 
to serve for the same Uses If this Attempt shall succeed, the Advantages of 
it will be very considerable For the EngUsh bemg the chief Masters of the 
Sugar Trade, and that fallmg very much m its Price of late Years, while all 
other outlan^sh Productions are risen m their Value, it would be a great 
Benefit to this Kmgdom, as well as to our Western Plantations, if Part of our 
Sugar, which is now m a manner a meer Drug, might be turn’d mto Wme, 
which IS a foreign Commodity, and grows every Day dearer, especially seeing 
this might be done, by only bruismg and pressmg the Canes, which would 
be a far less Labour and Charge, than the Way by which Sugar is now made 

The subsequent history of enqumes on these hnes justified itself by the 
promotion of one of the earhest mdustnes based on direct apphcation of 
chemical knowledge The beet-sugar mdustry was destmed to play a most 
important part m the beginnmgs of what we now call ^‘orgamc chemistry ” 
Cohen tells us that 

the presence of sugar m beetroot was observed m 1747 by the German chemist 
Marggraf who suggested the cultivation of beet as a source of sugar, but the 
early attempts to utilize it commercially proved unprofitable The success 
of the mdustry dates from about the year 1810 when important improvements 
began to be mtroduced Careful selection of seed and improved cultivation 
nearly doubled the quantity of sugar m the beet The use of steam-heated 
vacuum pans gave a larger yield of crystallizable sugar and new mechamcal 
appliances for savmg labour lowered the cost of production 

Another mdustry which played an important part m creating the demand 
for chemical knowledge was the manufacture of earthenware and chma In 
England it did so mdirectly by stimulating the demand for coal, as well as 
by Its immediate need for information about the nature of impurities m 
local days and marls (bnckearths), the art of colourmg the fimshed product, 
and glazmg Dr Plot, one of the earhest secretaries of the Royal Society 
and a Professor of C2iemistiy at Oxford, m his book The Natural History of 
Staffordshire (1686) tells us “for makmg the severall sorts of pots they have 
as many diflferent sorts of clay . * the best bemg found near the coale ” Thus 
the juxtaposition of coal and boulder clay seams on the site of an mdustry 
which made heavy demands on fuel for bakmg, made the Potteries a focal 
centre of mdustnal development m the eighteenth century Even m the 
seventeenth century it called for chemical skill The colours, says Plot, were 
obtamed by using different vaneties of ‘*shp** days — ^“except the motley 
colour whi^ IS procured by blendmg lead with manganese, by the workmen 
called magnus ” In a book on the history of the same county, published m 
1798, Shaw tells us that m the eighteenth century the natural days of the 
neighbourhood were htde used, because they were metalliferous 

each having a portion of oxide of iron the clays from Dorset or Devon 
have all their impurities extracted before they are vended to the purchasers 
♦ . beu^ extremely white when fired owmg to bemg scarcely impregnated 
with oxide of iron, which would make the ware yellow or red in proportion to 
the quantitir of day. 
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Wedgwood, the ‘Tnnce of Potters,” was m the forefront of the cultural 
renaissance m the latter half of the eighteenth century As an industrial 
leader, he founded the first chamber of commerce ui England* As an experi- 
menter, he was elected a Fellow of the Royal Society on his own merits His 
attitude to the relations of industry and saence comes out m a letter to 
Bentley (1767) 

I am gomg on with my experiments upon various ejinhs many of my 
experiments turn out to my wishes and convince me more and more of fhe 
extensive capabihty of our manufactures for further improvement such a 
revolution is at hand and you must assist m and profit by it 

As with coal minmg, the human problem of the Pottenes had lepercus- 
sions m the domam of chemistry At the end of the eighteenth centur} 
mterest m occupational diseases (see Chapter XVI) had materialized m a 
hvely pubhc health agitation, of which one of the most noiable figures was 
Dr Permval, of Manchester Percival and Dr Gouldsdon, ol Liverpool, 
vigorously exposed the dangers of lead poisoning m the glazmg of Pottery 
products Wedgwood was much embarrassed by their paniphieis We find 
him wntmg to Bentley (about 1775), “I will try m earnest to make a glaze 
without lead, and if I succeed will certainly advertise it ” Leadless glazes, 
of which the mgredients were either lime, alkalme carbonates (‘‘potashes”), 
or borates (imported from Tuscany), were introduced m the lattei end of the 
eighteenth century under the impact of the pubhc feelmg aroused 

The new sense of social responsibihty which emerged m the medical 
profession m the latter half of the eighteenth century also revived mterest 
in the problem of ventilation which had arisen earher m connection with 
deep-shaft mining for coal and tm Davy, who seems to have acquired his 
interest m theoretical chemistry from an early friendship with the yoimger 
son of James Watt, the engmeer, obtamed his first saentific employment m 
the “Medical Pneumatic Institution” at C3ifton, Bnstol This was founded 
by Beddoes, who — ^partly on account of his strong Jacobm views — ^had left 
the chair m chemistry at Oxford to take up medical practice Davyds first 
important chemical researches were concerned with laughmg gas (mtrous 
oxide), and one of his great inventions was the mmer^s safety lamp 

RESPIRATION 

Among the “information they have given to others to provoke them to 
enquire,” Sprat mentions that the founders of the Royal Soaety mcluded 
m their programme “the fatal Effects of Damps on Miners and the Ways 
of recovermg them ” The human aspect of ventilation m names was not 
the only practical issue which provoked enquiry into respiration In the 
same context as “Relations . of deep Mines and deep Wells/* Sprat also 
mentions 

Relations • of Divers and Divmg^ their Etabit, their long holding of breath 
and of other notable Things observed by them 

In the social context of early coal mining the discovery that air is a frmi 
of matter was highly propitious to a systonatic attack on the subject'^tnatter 
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of Agricola’s book dealing with ^health and accidents of miners ” The im- 
portance of this theme is bcme out by the fact mat ‘‘pneumatic” chemistry 
was a recognized major branch uf the subject durmg the eighteenth century 
Durmg the Middle Ages breathing had been a spiritual accomphshment 
The identification of “spinls” with the gabeous state rf matter is imphed 
by the synonymous use of the Latm woid anma for soul and breath So^ 



Fig 244 — ^The Valves in the Veins 

On the left the figure shown by Fabncius On the right diagrammatic view of 
three sets of valves 


too^ the Hebrew scriptures declare that man became a hvmg spirit when 
the Deity breathed mto bis nostrils the breath of life Such assertions offered 
no difficulties to the hterate classes of Europe while they contmued to share 
Aristotle’s contempt for slave labour Modem doubt begins with the study 
of the common pump 

Precise information about what breathmg really mvolves came through 
the rccogmtion that the heart performs the part of a pump mamtainmg a 
contmuous cuculation of blood from the lungs to the tissues^ and the tissues 
to the limgs In the latter half of the sixteenth century Servetus had con- 
cluded that all the blood from the nght side of the heart is pumped through 
the mmute vessdls of the lungs and returns thence to the left. Owing to a 
difference m celestial arithmetic between hunself and Calvm^ who had latd.y 
established the kmgdom of God m Geneva, Servetus was burned at the 
stake before he had tune to complete his researches Half a century elapsed 
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before the English physician Harvey convinced his contemporaries that the 
blood from the left side of the heart is pumped through the minute vessels 
of the rest of the body before its return to the right side, where it is dispatched 
to the lungs As a result of Galileo’s experiments, the pump had become 
an object of scientific interest Fabricius, under whom Harvey studied at 
Padua, had discovered that the veins have watchpocket valves which can 



Fig 245 — ^Hakvey’s Figure to Illustrate His ExptRiMENr 
(From Smger ) 

only let blood pass one way, as the valves of a common pump only let water 
pass one way (Fig 244) Fabricius was a colleague of Galileo Harvey was 
a fellow-student with Tomcelh 

A condusion which rests on so few and such simple experiments ought 
have been made by the physicians of antiqmty, if an understanding of the 
way m which a pump-vdve acts had been pan of their social culture With 
the discovery of the contmuous circulation of the blood a long fiuniliar fiict 
about the body was mdowed vmh new mterest. The “venous” blood which 
returns to the right side of the hean from the tissues and passes thence to 
the lungs is dark purple The “arterial” blood which issues ficom the lungs, 
and is pumped by the heart mto the mam arteries, is bright scarlet. 
blood undergoes a defimte and very obvious change through coming into 
contact with the air taken mto the lungs. 

One of the first expemnents which Boyle demanstrated to the FeOows df 
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the Royal Society was the fact that an animal dies at once when all the air 
IS exhausted from a vessel m which it is placed He also showed that a hghted 
candle is extmgmshed by the same treatment^ and that sulphur and charcoal 
refuse to bum if heated m a vacuum^ though they buist mto flames when air 
IS admitted Gunpowder, which is a mixtuie of mtre (saltpetre), sulphur, and 
charcoal, did not behave m the same way In a vacuum it was found to bum 
readily Hooke proved that animals can be kept ahve, when their normal 
respiratory movements are prevented, if air is blown through the lungs with 
bellows He also showed that the respiration of an animal or the bummg of 
a flame lasts longer m a large than m a small closed space containmg air 
Lower, another member of the same coterie of Enghsh men of science, 
showed that dark “venous” blood obtained by cuttmg a vem becomes bright 
scarlet when shaken with air Thus the change of colour was due to “the 
particles of air msmuatmg themselves mto the blood ” In an early pubhcation 
of the Royal Society, Slare (1693) develops the conclusion a httle further by 
analogy with experiments m which soluuons of copper compounds changed 
colour in a vacuum Cunously enough he did not carry out the simple experi- 
ment to show that artenal blood acquires the purple hue of venous blood 
when shaken m an exhausted vessel connected with an air-pump This was 
done by Pnestley a century later 

The power of gunpowder to igmte when heated in a vacuum suggested to 
Hooke that combustion depends on the combmation of substances with a 
constituent common to air and mtre Proof was provided by Mayow, a 
contemporary Enghsh physiaan {area 1670) Mayow adapted an experiment 
which had been earned out centuries before his tune In classical antiquity 
It was known that a candle bummg m a space closed by mvertmg a glass 
vessel over water makes the latter rise m the vessel (Fig 246) Mayow repeated 
this experiment, substituting a mouse for a candle, with the same result, 

1 e. the water level rose The mouse eventually died, just as the candle-flame 
is eventually extmgmshed Thereafter the residual air will no longer support 
life or combustion 

Adoptmg the atomistic views of Hooke, Mayow drew the radical conclusion 
that air consists of two sorts of parades One sort is taken up by the lungs, 
or used by the candle-flame, and another is mcapable of takmg part m com- 
bustion or respiration Havmg shown that the residual or foul air could be 
made smtable for breathmg, or combustion by heatmg the mtre (or saltpetre) 
used m makmg gunpowder, he concluded rightly that respiration and com- 
bustion both result m removmg the same “mtro-aenal parades These 
mtro^aenal particles^ or as we now say atoms of oxygen, make it possible for 
gunpowder to explode m a dosed space Thus air is not a simple substance, 
or element mcapable of further dissolution It contams at least two gaseous 
constituents, one bemg present m saltpetre. If Mayow*s fundamental experi- 
ment had been earned out with an air-trap of mercury instead of water, no 
nse of level would have happened as the air lost its power to support life 
and flame, Mayow showed that air was depnved of one of its constituents 
without realizing that this constituent was replaced by another gas, the 
characteristics of which were first studied by Black (1764) in the middle of 
the eighteenth century 
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Van Helmont was led to invent the word gas by discovering that the 
bubbles produced m fermentation and the “air” m which charcoal had been 
burned to ashes, are both unable to support combustion Hence they are not 
identical with ordinary air The “gas sylvestre” which van Helmont collected 
from the wine vat was found to turn a solution of lime milky Black found that 
the bubbles of gas given off when acids are poured on ch^, and the oir we 
breathe out, both have the same characteristic He thus showed that che 
oxygen which is taken from the au by breathing oi by the combustion of 
charcoal is replaced by another gas, which he called fxea an This fixed 



Fig 246 — Burning a Candxjs in a Closeo Space 

To measiire the volume of axr at the end of the experiment the glass lar must be 
depressed nil the level of the water mside it and outside it is the same The residual 
gas m the vessel is then at the same pressure (atmosphenc) as at the begiunmg of the 
experiment 

air, which we now call carbon dioxide or carbonic aad gas, is unlike the air 
we breathe mto our lungs m many ways For mstance, it dissolves readily 
m water, with which it forms a shghtly aad solution. Hence it disappeared m 
Mayow^s experiment, leaving the air less dense. The water therefore rose to 
equalize the pressure 

Black was a professor m Glasgow, and later in Edinburgh Umversity. His 
many fundamental discoveries m chemistry and physics will be referred to 
agam and agam He was the central figure of a bnlliant cotene of Scotsmen 
about whom more will be said The activities of this arde show how tbeo-* 
rctical saence contmually renews its youth by the infusion of new problems 
derived firom the common experience of mankind and from contemporary 
social needs. The immediate problem which prompted Black’s resauxhes 
on lime is indicated m the biographical sketch accompanying Kay’s Origmal 
Portrmtsi 
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We are mformed bv himseif that he was led to the examination of the 
absorbent earths partly by the hope ol discoveiing a new sort of lime and lune- 
water which might possibly be a more powerful solvent of the stone than that 
commonly used The attention of the pubhc had been directed to this subject 
for some years Sir Robert, as well as bis brother Horace, afterwards Lord 
Walpole, were troubled w,th die stone They imagmea they had received 
benefit fixim a medicme mvented by Mis Stephens, and, through their mterest 
pnncipally, she received five thousona pounds for revealing the secret It was 
accordingly puohshed m the 1 ondan Gazette on June 19, 1739 This had 
directed the attention of medical men to the employment of hme-water m 
cure of the stone 

The emmence of the Walpoles vvo^id not have ensured immoilahty to 
Black it other and more important circumstances had not drawn attention 
to his work Shyness and dl-heaith preyented Black from pubhshmg his 
important discoveries on heat They weie communicated verbally to the 
Newtonian Society of Edmburgn, and they would have passed unnoticed, if 
they had not mspired the invenuon of SX'att’s steam engme (see pp 5S4-S9) 
His fhendship with Dr Roebuck, who started large-scale commercial manu- 
facture of sulphuric acid, brought Black into contact with social forces which 
could find a use for new knowledge But for that his discovery of air 
would have been buried m the medical thesis m which it was annoiiTiwd 

Dr Roebuck, a physician firom Birmingham, estabhshed a sulphuric aad 
factory at Prestonpans in 1749, starred the famous ironworks at Carron m 
Stirhngsture m 1760, and leased the Duke of Hamilton’s coalfield to use pit 
coal for reducmg iron ores Scotland, which had lagged behmd Rnglanfi iq 
the exploitation of its nuneral resources, had b^un to develop rapidly m 
this direcuon after the Act of Umon and the Stuart rebelhons Ckial mining 
was extmided m Fifeshire and m the Lothians, where the Newcomen «^nginp. 
was introduced for pumpmg In 1755, when an Edinburgh Soaety was 
estabhshed to promote the arts and manufactures, social conditions in 
Scotland were comparable to those m England when the Royal Soaety was 
founded. Industry was primarily concerned with the search for materials, 
and chemistry was therefore m demand 

Aiechamzation had begun m the coalfields, where Newcomen’s atmo- 
spheric engme was m use, when Black and Roebuck provided finannai ha,-inr.g 
for a young technical assistant m Glasgow Umversity to improve its 
In 1765 Watt is carrymg out experiments on their behalf to test a process for 
makmg alkah by the decomposition of hme and sea salt Hamilton 
Industnal RevoltUton tn Scotland) tells us that the middle of the «»ighf/wT.i-t. 
century was also a period of rapid agrarian development m Scotland. Francis 
Home, Professor of Aiatena Medica and a promment figure m the PHinhuigb 
circle, 18 busy findmg out “how far chymistry will go m settling the pnr.rapi^o 
of agriculture.” His treatise was published (1776) a year after the presentation 
of Black’s thesis. Interest m capitalist &rming had been an outstanding 
feature of the programme which the Enghsh Royal Soaety had nnd>.fi^in»r. 
m the first doade of its existence, when Glaubo: had lately shown fhar 
saltpetre is the “active prmaple” of manure. These early researches on soil 
chemistry led Francis Home to important discoveries winch laid the found- 
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auons of commercial soil chemistry. A year after the pubbcauon of his 
Principles of Agiiculittre he received a gold medal from the ‘‘Honourable 
Board of Trustees for the Improvement of Manufactures m North Britam” 
m recognition of his “Experiments on Bleaching We are told m Kay’s 
Portraits that “he received many testimomes of emment manufacturers whose 
art It had much improved ” He was mstrumental m mtroducmg sulphuric 
acid for use m bleachmg hnen^ and thus created a new commercial demand 
for the parent substance of modem chemical mdustry 



Fig 247 — Measuring the Volume of a Gas 

In measuring the volume of a gas in a graduated glass vessel over a fluid, it is important 
to depress the latter till the level of the fluid inside and outside it is the same It not, 
there will be a pressure difference between the gas and the outside air depcndmg on 
the height to which the water rises Suppose m the first cylmder (i), of sectional area 
a sq cm , the length of the empty column is % cm , then its volume is ox c c If the 
oxygen is used up, e g by bummg magnesium m it, the residual volume is Jar, and 
the height of the dead space \x when the pressure is the same as before (i.e m equih- 
bnum with the atmosphere) To make it equal (ui) the cylmder must be pushed down 
a little Otherwise, the fluid will nse as It has risen jy cm in(ii) The volume of the dead 
space m (ii) is therefore aix — 3^) If the fluid is mercury and the atmospheric pressure 
IS P cm of mercury, the difference m pressure between the outside air and air m (n) 
IS 3; cm of mercury, and the pressure of air m (11) is therefore P — 3^ cm of mercury So 

PCifl^c) =« * = (P — y)aix — y) 

The only unknown quantity here is 3?, if the barometric pressure is known, and the 
height to which the fluid wiU nsc is calculable If the flmd is water the numerical value 
of Pis 13 6 tunes the figure for the mercury barometer 


In Black’s researches on lime the Aristotelian behef that chemical changes 
result from combinations of the “volatile” and imponderable elements air 
and fire with weighable matter m its elemental forms of water and earth, 
IS makmg way for the modem view. Black found that fixed air is given off 
when chalk is heated to form quicklime, and estimated the quantity of ^cd 
air which is combmed with hme (calcium oaade) to form cbilk by weighing 
the quicklime produced when a weighed quantity of chalk was heated He 
determined how much chalk and how much quicklime are required to 
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neutralize an acid, i e to tne acid no longer able to change the colour 

of a dye like htmi-s, ana found the w'=*igbt of ^ime wluch neutralizes an 
acid without producu::^ cAerxescence is equivalent to the weight of lime 
produced by neaiiag the of chalk lequired to neutralize the same 

amount of acid Hence the gcscoL.*; com., tn ent combmed with hme m chalk, 
and hberated as bubbles wten -icic poc^'^ed on the latter, does not affect 
Its power to neutralize an acid 

The mterest wluch Black^s rese^ rcbes arousea m men of Roebuck’s type 
was partly due to tLe fact tha^ commercial production of alkali was becommg 
an imperative need of te^tde mdjstcy The older chemists had used the word 
alkah for any substance v*rhich neutralizes ar acid Quicklime, potashes, and 
caustic potash, obtained by boiling a solution of potashes with lime, were all 
‘‘alkalis ” Black showed That the porashes of industry (potassium carbonate), 
like chalk, hberate fised an wnen acred on by aads His experiments proved 
that the way m which chalk and potashes aie built up has more m common 
than the way m which quicklime and potashes are built up We express this 
today when we say that both belong to the class of compounds called car- 
bonates 

Two new methods of enquiry w^ere emeigmg Each had tremendous 
consequences for the future of man’s command over the materials at his 
disposal Hitherto chemists had classified the quahties of substances by their 
tisesy and had neglected the observed quantities in which they combme About 
this time they begm to classify them by their consUvuents^ and to study the 
proportions m which their constituents are combmed by weight The former 
makes it possible to make a comprehensive survey of the sources of matenals 
for social use The second tells us whether the yield we can expect from a 
particular source justices the effort expended One difference between the 
chemistry of today and the chemical art of the Middle Ages hes m the fact 
that It can tell us all the possible sources from which we can get material 
substitutes and the yield we can get by usmg them 

Medical men and pharmacists like Black, Francis Home, and Scheele were 
promment among the theoretical leaders who prepared the way for the nse 
of chemical mdustry, and Roebuck and Keir, two of the leadmg entrepreneurs 
of the penod (vide tnfrd)^ were medi<^y qualified Smee chemistry was not 
as yet separated from the practice of medicme it mevitably benefited from 
the contemporary revolution m biological classification The classification 
of plants arose out of the soaal practice of ancient medicme Commer- 
aal horticulture, seed production for agriculture, and the systematic pohey 
of surveymg the unexploited wealth of new countries during the penod 
of colonial expansion which mtervened between the discovery of the New 
World and Cookes Australian voyage, conspired to give a new and powerful 
impetus to biological classification This reached its zemth m the Systema 
Naturae of Linnaeus published in the middle of the eighteenth centuiy 
Linnaeus set forth a classification of the “mmeral kmgdom” along with that 
of animals and plants In this he followed a practice which grew out of the 
instructions which Elizabeth issued to her sea captains The proceedings of 
learned academies from 1660 to 1670 contam* innumerable miscellanies of 
local information about plants, animals, or mmerals, communicated fitom 

o 
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colomes, like Ceylon or Malabar Such accounts were often based on collec- 
tions made with direct encouragement from colonial governois Although 
T.innnpiig hims elf did not embody the results of new knowledge about 
rhemiral composition m his classification of the mmeral kmgdom, it was 
important because it focussed attention on a new theoretical need 


EXPLOSIONS 

Let us now see how researches suggested by the properties of gun- 
powder grid by explosions in coal-mmes conspired to stimulate other dis- 
coveries about the mdividuahty of gases The former encouxaged the study 
of the gas called sulphur dioxide Sulphur and charcoal both bum m air If 
they are impure there is a small sohd residue of salts If sufficiently pure they 
leave no sohd residue The bummg of sulphur is accompamed by the form- 
ation of very pungent fumes, which dissolve m water to form a solution 
which gffertfi vegetable dyes, such as htmus, m the same way as the mineral 
gfidg Similar fumes are produced m the absence of air when sulphur is 
b eat<^ vpith another constituent of gunpowder — saltpetre or mtre The 
explanaaon of this hes m another fact \^en heated alone, mtre gives oil 
a “gas” — oxygen which sustains combustion more readily than air itself, 
and makes foul aiT shaken with water suitable for breathmg When nitre is 
mived with sulphur and charcoal, this gas is taken up by the sulphur and 
f-Tiarmal with ffie formation of two gases, fixed air (carbon dioxide), and 
fumes of burnt sulphur (sulphur dioxide) An explosion is nothmg more 
tVian the sudden change of volume which occurs when these gases are hberated 
m a closed space Put m modem phraseology, these were essentially the 
conclusions to which Boyle’s experiments with his air pump led him In his 
famo us book, the Sceptical Chyrmstf he roundly attacked the doctrme accepted 
by nearly all his predecessors who mterpreted the use of heat to facihtate 
riif»mirg1 changes as proof that fire dissolves complex substances mto simpler 
ones He rejected the behef that there were only a few elementary substances 
which pamapate m chemical processes 

A due to ffie nature of explosions m coal-mmes was found when Clayton 
(1691) prepared an “inflammable air” by heating coal m a retort A few years 
later the physician Stephen Hales, who first made experiments on the pres- 
sure of the blood, recorded the observation that 168 grains of Newcastle 
coal yield ISO cub m of the new gas Coal gas is not a smgle chemical sub- 
stance of constant composiuon Though its discovery did not, therefore, 
mtrmsically add to the existmg stock of knowledge about how substances 
combme, it presented two arresting features which quickeaed the giowmg 
recogmtion that a great variety of different substances exist m the gaseous 
state It was mflammable and lighter than air. The search for other gases 
received a powerful impetus from its novdty, and was also reinforced by the 
fact that acids were now being ma nufa cture on a commercial scale. In the 
middle of the eighteenth century Cavendish made a thorough examination 
of the bubbles given off from the action of sttong aods on metals. He mtro- 
duced a simple device (Fig 248) for collecting them, and thus discovered a 
new inflammable gas which proved to be much itgbte*’ tlwt? air ot ooal gas. 
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Coal gas bums m a closed space with a sooty flame In ab und a n t air, water 
vapoar is produced^ and the residual gas turns lime water milky The gas 
that we now call hydrogen^ which Cavendish (176G) obtained from the action 
of sulphunc aCid on zmc oi of hydrochloric aad on tm, bums without the 
production of soot 02 nxed an (carbon dioxide) The only product of its 
combustion is ste^im^ i e water m the gaseous state 

The discovery that wctei is a compound substance was made by Priestley 
two years after he joined the circle of James Wau the inventor, m 
Birmingham (see page ^Si) The Aristotelian catalogue of elements, from 
which air had been reinovea, therefore sustained a second rude shock 
from the discovery of h\ rii ogen Elemental water could now be made by 


o 



Apparatus for collecting hydrogen gas by the action ol hoc, strong hyJiochlonc7aad 
(introduced through the thistle funnel) on tin, or of sulphuric acid on zinc jThe 
cylinder in which the gas is collected over water is at first completely full of water 
To collect a water-soluble gas like caibon dioxide or ammoma, mercury or parafiSn 
should be used mstead 

combimng hydrogen, a constituent of acids, with oxygen, a constituent of 
elemental air. 

The temper of the times had moved far from witch burnmg when a new 
secular miracle added to the prestige of chemical science Black had demon- 
strated the ascent of toy balloons filled with coal gas, and subsequent events 
soon brought its novelty mto the arena of everyday life In the year 1782 
two Frenchmen, the brothers Montgolfier, devised a starthng demonstration 
that hot air is less dense than cold. A large silk bag with an openmg at the 
bottom was held by ropes over a bonfire When it was deemed to be- suffici- 
ently full of hot air, the ropes were released, and the first balloon made its 
ascent A year later a s im il ar attempt was made, this time with a earner m 
which a duck, a hen, and a sheep were sent up Owmg to the carelessness 
of the sheep, the results were fatal to the hen. Otherwise the experiment was 
a tnumph In the same year Rozier made an ascent, traversmg a distance of 
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over five miles^ m a hot-air balloon Meanwhile Charles had constructed a 
large hydrogen balloon m Pans A great concourse collected at the Champs- 
Elysees to witness the spectacle His success made it possible to remain m the 
air without fear of bemg forced to descend owmg to coolmg In 1784 
crowds collected m the Strand to see the first ascent m a hydrogen balloon 
by Ltmardi) and a year later Blanchard crossed the channel The Soho 
group, to which we shall refer later on, look an active mterest m the possi- 
bihties of the invention Prosser tells us that John Southern, a Fellow of the 
Royal Society, employed by Boulton and \7?tt, 

was the author of a tract on balloons, publisned at Birmmgham m 1783 at 
the time when the ascents by the French aeronauts weie e’ccilmg much 
attention 

HEAT AND WEIGHT 

The behef that earth is an element was never more than a figure of speech 
It had made way for a more hteral statement of fact long before air had been 
recognized as a complex substance with wcighable constituents, of which 
one IS also present m water The elemental nature of fire was the last of 
Anstode’s catalogue to succumb The materialism of Democntus had drawn 
a dear and correct distinction between heat which accompames motion — 
or, as we should say, friction — and heat which accompames chemical changes, 
which may also be associated with light when we see a flame. Accordmg to 
the materialistic doctrme of the Greek atomists, heat, hke hght, is merely 
one of the ways m which our sense organs detect the presence of matter 
Such a view was far too sophisticated for the beliefs of a primitive civilization 
Fire had a host of hallowed associations^ — calendncal, sacrificial, and sexual 
— all the ancient mystery rehgions C3iildren were passed through the 
fire to Moloch, and virgms attended the sacred flame which never failed The 
divme fire was also the logos spermatikos, the hght that hghteth every man 
In Platonism, Stoiasm, Gnosticism, and Mithraism, from which Christian 
theological ntual severally derived so many of its mgredients, fire was an 
object of veneration, and a symbol of unspeakable m3^tenes It is httle matter 
for surprise that Fire was the last of Anstode’s elements to go 

It retamed its hold most tenaaously m the oldest branch of chemical 
tedhnology Two basic processes of metallurgy had persisted unchanged 
from the dawn of the Iron Age tiU the mtroduction of pitcoal to replace 
charcoal. For extraction of some metals, it was sufficient to roast the ore or 
calx with charcoal m a closed space. Chalk was also added as a '^‘flux’’ to 
combme the quartz and day present m the ore into a fusible glass which 
could be easily separated from the metalhc mass Another source of metal, 
the sulphureous ores, could only be extracted by previous roasting m a current 
of air This was accompamed by the evolution of sulphureous fumes (sulphur 
dioxide) On subsequent reduction with charcoal the calx formed from the 
sulphureous ore yielded the metal Alchemical experiments with metals 
bad added three important items of additional information: 

(a) Some metals, especially tm and mercury, could be convertsed into 
calces (oxides) by heating strongjly in air. 
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(fe) The formation of the calx is accompamed by mcrease of weight 
(c) Some metals, e g iron, jicH sulphureous ores (sulphides) when strongly 
heated with sulphur ir a closed space 
In addition to the seven metals assoaated wxth the seven pre-Copermcan 
^^planets’’ two others, antimony and 2 mc 5 had been worked as early as 1000 b c 
Thereafter practically no progress was made m practical metallurgy^ and 
no new facts of theoretical impoitanccj other than the three stated above^ had 
been ascertamed till towards the end of the eighteenth century In ancient 
metallurgy the use of charcoal to reduce the o'^de oresj and the prelimmary 
treatment of sulphureous ores m ibe blast furnace, were empirical facts 
Their significance resided m me mysterious properties of fire Failure to 
form correct conclusions about the way ores are built up made it impossible 
to lay down rules for seekmg nev« sources ana sorts of metal 

In the light of what we have now learned about combustion and explosion, 
it is easy to see what happens m the extraction of metals The sulphureous 
ore is a compound (sulphide) cf metal and sulphur The sulphureous fumes 
(sulphur dioxide) and <^lx (mecaUn oxide) formed in the roastmg furnace are 
compounds of oxygen mth sulpnur ana metal respectively The air of the 
blast furnace supphes the oxygen (or miro-aenal particles) which converts 
the sulphur of the ore mto sulphur dioxide, and the metd of the ore mto 
metallic oxide The charcoal or coke used m reducmg the calx is consumed 
when It bums, fomung fixed air (caxbon dioxide) by combining wnth oxygen 
In a closed space it cannot take this oxygen quickly from the air It takes it 
slowly from the ore, as it takes it rapidly fiom the mtre when gunpowder 
igmtes m a vacuum The formation of a calx from a metal when heated m 
air IS essentially like the combustion of charcoal to form fixed air The only 
difference is that charcoal igmtes at comparatively low temperatures, whereas, 
with a few exceptions like the magnesium of flash-light photography, metals 
only combme rapidly with oxygen at very high temperatures The entire 
sequence of changes when metals are extracted will be made dear if we now 
separate the known facts from what we now know to be the correct explan- 
ation 

The known facts were 

(1) sulphur (solid) +- metal (solid) — sulphureous ore (solid) 

(eg iron) (eg pyrites) 

(2) sulphur (sohd) +■ oxygen (gas) — sulphureous fumes (gas) 

(of the air) (sulphur dioxide) 

(3) metal (solid) + oxygen (gas) — calx (sohd) 

(of the air) 

(4) charcoal (sohd) -f oxygen (gas) = fixed air (gas) 

(of the air) (carbon dioxide) 

The likely explanation of the mdustnal processes was therefore — 

(6) In the roastmg furnace, 

sulphureous ore + oxygen = calx + sulphur dioxide 
(6) In the dosed furnace, 

calx + charcoal = metal + carbon dioxide 
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For complete pioof of this il was necessary to show 

(a) that the increase of weight when the cals is formed from its metal is 
due to the disappearance of an equivalent weight of oxygen, 

Q>) that the gases formed m the roasting and closed furnaces weie respec- 
tively identical with those formed when sulphur and chaicoal burn m 
air, 

(e) that the difference between the sveight of calx used and metal formed 
is equal to the difference between the weight of fixed air produced 
and the weight of carbon used up 

The first step {a) had already been surmised by a Fiench chemist Rey (1630), 
who had absorbed Galileo’s doctrme, before Boyle, “with the help of our 
engme,” had shown how he cxiuld “weigh ihe aire as w^c weigh other bodies 
m its natural or ordmary consistence ” **Let all the gieatest mmds m the 
world,*' said Rey, “be fused mto one mmd, and let him seek dihgendy on 
the earth and m the heavens, let him search mto every cranny of nature 
he will only find the cause of this augmentation in the air ’* The last step (c) 
was made possible by Black’s discovery Caibon dioxide turns a solution 
of lime mdky because it precipitates the msoluble compoimd calcium car- 
bonate (chalk) Black had found the weight of carbon dioxide m a given 
quantity of chalk So the quantity of carbon dioxide m a given quantity 
of air can be ascertained by shakmg it with lime water, filtering off the 
preapitate, diymg the latter and weighmg it 

Even the Enghsh physicists, whose “mtro-aenal parudes** offeied the 
necessary due to the nature of combustion, were readier to recognize its 
kmship to the breath of life than to probe mto the Promethean secrets of 
metallurgy Boyle himself stuck to the bdief that metals like Un and lead, 
which readily form oxides when heated m air, mcrease m weight by absorbmg 
the fiery pamdes with power to penetrate the walls of the furnace Mean- 
while a school of contmental chemists preserved the purity of their studies 
firom contamination with the growmg knowledge of the nature of heat by 
fabneatmg a doctrme which may well commend itself to those economists 
who beheve m the possibihty of erecting saence on a foimdation of self- 
evident piMciples The doctrme of phlogiston, which was the last attempt 
to sustam the elemental nature of fire, was concocted towards the end 
of the seventeenth century* It provides an mstnictive example of the way 
m which facts may be used to illustrate instead of to test the truth of a 
theory The argument runs as follows It is self-evident that if thmgs bum, 
they must contam the fire prmciple A combustible substance is, therefore, a 
combination of a calx or non-combustible material with the fire piinaple 
phlogiston. The escape of phlogiston when a combustible substance bums is 
accompamed by production of mcombustible material which actually weighs 
more than its predecessor. It is therefore sdf-evident that phlogiston must 
be endowed with the opposite of weight, levtfy^ or the power to make a body 
weigh less. Much valuable time was wasted m disjfuoving a theory with 
nothmg to commend it but the elegance of flawless reasonmg ftom premises 
which have no foimdation in fact. 

What contnbuted most to disacedit phlogiston m tibe nm vm 
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growjLiig interest m the nature of heat Heat^ as a source of mechanical 
power^ Vi as begir.nirg to etfect a veritable levolution m Human life The 
problem oi xiieasaring heat and of ckfcsifymg the different sources and means 
of transmat^g xt v as beginning to echpse the physic<-i problems which had 
arisen from the practice of time recKonmg and of eanh survey As we all 
know, the proauction of heat alone or of hea<- and hght together can be 
brought about ^vithouL mi\ ether change m me properties of a body A 
poKer which is heated all it gio\;is is m othei respects jos- a piece of iron 
i^eighiug hs much v-s u d:a before Tne beat Vvmch is accompanied by mcan- 



Fig 210 — Appakatus Showing Air Burning in Coal Gas 

descence when a body is said to bum away only differs m intensity from 
the heat given out or taken m m any change from one substance to another 
It is the same physical phenomenon as the heat produced by fhction when 
a wheel is not lubricated, or the heat acquired by contact when the poker is 
put m the fire 

All chemical changes are associated with difference of temperature 
When washing soda (sodium carbonate) is dissolved m water the solution 
is cooler than the surrounding air When sulphuric acid is added to water 
the mixture is hotter. If we let sulphuric acid trickle through a narrow 
tube immersed m a large bath of water, the fluid round the orifice will get 
hot If we let water trickle through a narrow tube mto a bath of sulphuric 
aad, the fluid near the onfice becomes exceedmgly hot Similarly air will 
bum in coal gas just as coal gas will bum m air (see Fig 249). When we 
speak of a ooxnbustible substance, or a substance whidi supports combustion, 
we are using relative terms, assummg that we are carrying out an expenxnent 
m particular conditions 
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CHARLES* LAW 

The hot air which makes the MontgolfiCi. balloon go up is not less dense 
because it absorbs “fiery’* particles endowed with the pecuhar gift of levity 
from the matter burned to inflate it Hot air is less dense, because the 
same number of particles occupy more space The volume occupied by a 
given weight of a gas whose othet chaincta f^tics temew mchanged increases 



Fig 250 

Apparatus for finding effect of temperature on the volume of a gas at constant pressure 
The tube A can be raised and lowered so that the level ol mercury in the tubes A and B 
IS always the same Thus the volume of gas, shown by the scale of tlie graduated limb 
B, IS always at atmospheric pressure when die measurements are made The tempera- 
ture IS changed by puttmg warm water into the glass jacket C. 

according to a deflmte rule as the temperature is raised. This rule was first 
discovered by the mventor of the hydrogen balloon 

Boyle's Law is not a satisfactory guide for calculating the weight of a gas 
from Its volume, unless the temperature remains the same. So m Boyle's 
tune accurate weighing was hampered because a satisfactory thermometnc 
scale had not been fixed (see C3iapter XI) The rule, which is called Charles* 
Lawjf provides us with an opportumty of illustrating how graphical methods 
are used in saence to detect the rule whidi connects a set of observations 
The changes in volume which a fixed weight of gas wiaxgfm when the 
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temperatuie iS raised aad the same pressure is mamtamed, can be recorded 
by me simple cppaiatus shown in Fig 250 The lesults of such an expen- 
menL ere plotted in uie nent ^guie The distance of each pomt measured 
along the x-qijls cc^respond^^ to me volume of gas at a particular p ressu re 
Tne lacter is i.epreseii.ea a disa.ance measured along the y axis Thus 
tne line BC tejAsenio me ciffciencc betveen the voJome of gas z/ measured 
at f on me cer-^gr^ae scale and me volume V (= AO) of the same sample 
of gas measured at C ^ i e BC == -^ — V The line AB is the corresponding 
temperature difference ^ - 0 = r 

Smee all me obsenutions fall apprc*,nmately on a straight Ime, the ratio 
BC — AB Ox (z^ — V) — t IS appto^jma^eiy the same for corresponding 
valines of V ana e includeJ hi the observauons made on the same sample 
at the same pressure Since V is iL.ed in any such experiment the ratio 
[(e, — Y) _ V ^3 l..ed in any paiLicular experiment This ratio 
IS found to ha’ve the same njuierical VcJue^ appioximately m different 
experiments Wxlh oifTerent cases, ^ e 


* — V 1 
27 ;^ 



If we put T mslead ot 273), the volume of a gas at any temperature 
i IS diiectly propoitional to T 



The ratio V — 273 mvolves two lixed numbers, since V is the volume of 
gas at 0® C m any particular experiment Throughout a smgle experiment 
It may thus be replaced by one constant thus — 

v:== CT 

The number T obtamed by addmg 273 to the temperature registered by a 
centigrade thermometer is called the absolute temperature of the gas At 
constant pressure, the ratio of the volume of a given weight of gas to its 
absolute temperature is fixed;» jiust as at a fixed temperature the product of 
the pressure and volume of a given weight of gas is constant The volume 
of a gas at constant pressure is mcreased by of its volume at 0*^ C for 
each degree nse m absolute temperature 
By applymg Boyle’s law and that of Charles, the weight of gases pamd- 
patmg m chemical processes can be measured with the greatest ease Their 
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densities at a standard temperature and piessine rau&t De tea once 

and for all for reference The densities of gases dete- mined (U'’ccd3r by 
weighmg an evacuated vessel, filling it Tvith gas it siandard prebsiure and 
reweighing it, are usually recorded for the standard teniperatr^e 
(273® on the absolute scale), and a standard pressure of 700 n^m on the 
mercury barometer (called 1 atmo^phefe) The weight of cny gc^s can then be 
calculated from its volume recorded m a giaduated glass vessel (Fyg 2 17} 
at a known temperature and atmospheric pressure The following problem 
illustrates how the gas laws are apphed to save the trouble of r/eigumg a gas 
Suppose the chemist who wants to know the piopomons in ahicxi nirgno- 



'TeiTipci^iturc 
Fig. 261 


Graphical representation of change of volume which 'i tiu intity of pas occupying 
1 cub ft at 0° C undergoes as the temperature is raised, the pits^ure at which the 
gas IS measured being constant (atmospnenc) throughout. 


Slum combmes with oxygen to form its ‘*calx,’* has found that 1 123 grams 
of magnesium combme with 560 c c of oxygen measured m a graduated vessel 
when the mercury barometer reads 75 cm and the temperature is 15® C His 
tables of density tell him that 1 htre of oxygen weighs 1 43 grams at S 1 P 
(0® and 760 mm ) By applying Boyle’s law (page 387), which tells us that 
volume IS mversely proportional to pressure, he can find how much space 
the gas would occupy at standard pressure This is 


560 X 76 
76 


662 6 c c. 


To apply Charles’ law he converts the cenugrade temperature 15® C to the 
absolute scale, 273®+ 15®= 288®. Since 0® C on the absolute scale is 273®, 
the volume of gas measured at standard temperature is 

662^6 X #if«« 523-8 cx* 
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Hence the measured volume of 560 c c at 16® C and 760 mm would occupy 
623 See atSTPj and therefore weighed (523 8x1 43)— 13000=0 719 
grams Thus 0 74^ gion.s of 03..ygen combme with 1 123 grams of magne- 
sium^ anc die combnung iduo is approvunately 2 3 

Graphs wmcb ric sups^rficju^dy lil^e the one shown m Fig 261 aie exhibited 

Le5i."wbooi.^b of eu. to illustrate theories about supply and demand^ 

oi wages aatL p^cf to Tmc ma-:es readers who lack self-confidence infer that 
economics is cu. science Two characteristics of the graph m Fig 261 

shouic be recegru^eu One is that if tells you hora to do somethings, 

1 e to line t ne t e^-gui. o^' e gr vc'iune of gat by Acference to tables of density 
The other is eucn pomi on i. .ponds to two actual measurements 
The drat>ghi:smuuslnp e^iubiLed m textbooks to illustrate margmal utihty 
has neithei oi these clsaracteribUcs Ne thci of his co-ordinates corresponds 
to a measured — oi^ m the present st^i.e of imowledge measurable — entity 
when Dr Hicks (Jheojy of Wages) states, 

li the employer’s concession cuive cuts the resistance curve on the 
honzomal peut^ ihe Umon \>rJl generu^lly buoceed in maintaining its claim, but 
if It cuts xi at a lowei pomt, compromise be necessary and it is over such 
compromises tliat uubu-idc rscajidings and strikes most easily arise 

THE CALCINAIION Oj MTTAiuS 

The recogmtion that the loastmg ot a sulphuieous ore m the furnace, the 
formatibn of a calx oi oxiae when a metal is heated m air, or the slower rustmg 
of iron m moict air, each mvolve processes akm to the explosion of gun- 
powder, to the burnmg of charcoal, or to the respiration of a mouse, followed 
quickly aftei the work of Black and Cavendish Shortly after the discovery 
of hydrogen, a clearer insight mto the process of oxidation, that is to say, 
chemical change in which oxygen enters mto a new combination with an 
element, was gamed through the complete sepaiation of both the prmcipal 
constituents of air, Rutherford (1772) used up all the oxygen (roughly one- 
fifth ol the total volume) bj bummg in air substances like charcoal, sulphur, 
and phosphorus, recently prepared by the Sw^lish chemist Scheele firom 
bone ash When this is done, the acid products (oxides of carbon, sulphur, 
and phosphorus), bemg soluble, are easily removed by shaking the residual 
gas with a mildly alkahne solution What remains forms four-fifths of the air 
by volume It can be most readily prepared by bummg magnesium m air 
till no more magnesium will bum The oxide of magnesium, bemg a solid 
powder, settles on the sides of the vessel, leavmg a residual gas which is 99 
per cent mtrogen Nitrogen neither bums like hydrogen, nor allows sub- 
stances to bum m It as oxygen does Like oxygen and hydrogen it is colourless, 
odourless, and only sparsely soluble m water It is but bttle less dense than 
air Itself. 

The separation of this relatively mert portion of the atmosphere was 
followed by a careful study of the characteristics of its active parmer As 
early as 1489 the alchemist de Sultzbach had noticed a “spirit’’ given off 
when red oxide of mercury is heated, leavmg the metal behmd, Shordy after 
Hooke’s work several chemists had collected “fire air” liberated by heating 
saltpetre. Apart &om noti"" that combustible substances bum more fiercely 
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and bnghtly in it, none of these pioneer claimants to the “discovery” of 
oxygen made a carefiil study of the characteristic properties which distmg^sh 
the gas from the rest of the atmosphere Simultaneously m the year after 
the separation of mtrogen, three chemists, Schcele, a Swedish apothecary, 
Priestley m England, and Lavoisier m France, shov^ed the identical character- 
istics of a gas produced from several different sources They also estabhshed 
Its identity with the “mtro-aenal paiticles” of common air by lecogmzmg 
the same products of combustion, such as (a) carbon dioxide which turns 
lime water milky, (6) sulphur dioxide and phosphorus pcntoxide, each with 
Its characteristic odour, and (c) the sohd reducible metalhc calces hke iron rust 
Although the elementary nature of air had been tacitly abandoned by 
Boyle and Hooke, chemists had found it hard to ledize how many kmds of 
matter exist in the gaseous state For long it was the fashion to speak of the 
new gases which had been successively discovered as different kmds of air 
The elementary gas hydrogen, havmg great levity and mflammabihty, was 
inflammable air The compound gas carbon dioxide formed by bummg 
charcoal, heatmg chalk, or pouring acids on potashes, was fixed air The 
pungent, highly soluble, and powerfully acid “spirits of salt” exhaled by 
dis tillin g vitnol (sulphuric acid) with sea salt (sodium chlonde) to malce 
Glauber’s salts was not yet called by its modem name What we now call 
hydrochloric acid gas or hydrogen chlonde was “marme acid air” The 
pungent highly soluble and strongly alkalme spmt prepared by heating hme 
with smellmg-salts (amm onium carbonate) or sal ammomac (ammomum 
chlonde) and collectmg the gas over mercury was “alkaline air ” The 
resolution of the air mto two distmct constituents, each with its own 
charactenstic properties, finally put a stop to this confusion Henceforth each 
gas had a name of its own 

Every obstacle to an mteUigible accoimt of the metallurgical processes was 
now removed. After a century of futile sophistication, deductive chemistry 
succumbed to Lavoisier’s experiments on calcmation, and the phlogiston 
theory was abandoned Lavoisier’s experiments on the fomiation of the calx 
when tm is heated m air showed three thmgs 

(a) A fixed quantity of tm could be converted mto calx by a fixed quantity 
of air, yet some air remamed however much tm was used The calx 
was, dierefore, a combinauon of metal and one of the constituents of 
air m defimte proportions 

(Jb) A sealed retort contammg the metal from wluch no air was allowed to 
escape weighed exactly the same before or after conversion of the 
meti and its calx Therefore, the greater weight of the calx was not due 
to the penetration of “fiery particles” through the walls of the vessel 
(c) The mcreased weight of the calx was exactly offset by the dimumhed 
weight of the air. The diminished weight of the air is not due to an 
mcrease of “levity ” At fixed pressure it is accompamed by an actual 
decrease of volume. This was shown by the feet that air rushed m 
when the sealed retort was opened The inrush of air was accompanied 
by an mcrease of weight, equivalent to the mcrease of vfdgbx when 
the same quantity of metal was converted mto calx m m opm vessdr 
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Similar resu^to ^^ere obramed by heatmg mercury to its boilmg pomt^ 
tvhen It forms the red oxide which can easily be converted back to its con- 
stituents as a source cf o’^gen These experiments combmed the essential 
featurec of Alayow^s experiments with the mouse and the candle^ with the 
additional mform laon gained from weighing all the mgredients and products 


THE RISE or CiIEi'vIXCAL iJ.4DuoTRY 

The death-blow lc phlogiston was the need for precise guidance to meet 
the new social needs of chemical manufacture The work of Priestley, Scheele, 
and Lavoisier, was undertaken when chemical manufacture m the modern 
sense was just beginning In Prance, Lavoisier was one of a group of chemists 
which mcl ided Eerthoilet. who discovered me bleachmg power of chlorme, 
and Leblanc, whose al2.ah process solved an acute technological problem 
of the revolutionary wars dunng the last decade of the eighteenth century 
The encouragement which Lavoisiet's work received from a growing 
demand for chemical knowledge m his time is sufficiently illustrated by the 
fact that he ^ as appointed to direct me manufacture of gunpowder by Turgot 
two years after flTTO) ihe completion of his researches on metallic oxides 
He succeeded m rnaiung the saltpetre output of France fivefold greater, 
abohshed the irksome regulations for collectmg refuse and manure from 
private cellars, etc (see page 407), and mcreased the explosive power of the 
mixture He was latei (1791) commissioned by the National Assembly to 
draw up a conspectus of the mmeralogical resources of France 

Priestley’s parallel enquiries mto metalhc oxides are mtimately related to 
the metallurgical problems of the Industrial Revolution which began m 
Birmmgham In 1760 Aiatthew Boulton set up a hardware factory employing 
over six hundred skilled workmen. The machmery was run by a waterwheel, 
for which the supply of water was insufficient m dry summers Boulton 
conceived the plan of using a pump to return water ftom the outflow to the 
conduit He had a keen mterest m the nascent physical science of his tune, 
fostered to some extent by a Scots physician named Small, to whom he had 
been mtroduced by Benjamm Frankhn. Small was responsible for bringing 
Boulton mto touch with James Watt, the young Scots engmeer who had been 
workmg to improve the Newcomra design From the partnership between 
Boulton and Watt m 1775 the new era of machine manufacture came mto 
bemg Boulton was a dose fnend of Roebuck, whose first attempt to manu- 
facture sulphunc acid on a commercial scale had been made dunng his 
residence m Birmingham three years before he set up his factory with 
Garbett m Prestonpans His keen mterest m the chemical problems of metal- 
lurgy arose partly ftom the use of alloys m his factories He was also a con- 
tractor for the Royal Mint. For a short time he was m partnership with Keu:, 
who afterwards set up an alkah factory m Bntam. 

The device which led to the partnership of Boulton and Watt may have 
been directly inspired by the propmqmty of the Birmmgham ftictory to 
the Pottenes whidi provided an early market for the Boulton-Watt products. 
At that time the Pottenes were importmg there best days from Cornwall 
Between 1760 and 1760 two master potters of Staffordshire, John Turner 
and Josiah Spode, had also employed a Cornish steam pump to work a 
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waterwheel m their industry, which rehed for fuel on the North Slaffordshne 
coalfields Like Boulton, Wedgwood, the leading figure in the expansion of 
the Potteries, was an intrepid expemnentahst Like Boulton, he maintained 
a correspondence with Priestley, encouraged him to come to Birmmgbam, 
supphed him with free apparatus, and, m particular, took great pams to 
construct for him the best retorts and stoves ^ edgwood wes elected a Fellow 
of the Royal Society m the same year as Pnestlev After Priestley moved to 
Birmmgham, Wedgwood co-operated with Boulton m piovidmg financial 
resources to support him m his researches 

The ensumg passage from Smiles* biographv of Boukon and W att gives 
us a vivid picture of the cultural renaissance which accompamed their 
partnership m England 

Towards the close of last century, there were many little ciaos or coierico 
of scientific and literary men established m the provi*icc^, the Lkt 
do not now exist At Liverpool, Roscoe and Currie were the centres of 

some such group, at Warrington, Aikm, Enfield, and Pne&tley of arcdici, at 
Bristol, Dr Beddoes and Humphry Davy of a third, and at NoriVich, the 
Taylors and Martineaus of a fourth But perhaps the mosi. di&tmguishcd of 
these provmcial societies was that at Birmingham, o£ winch Boulton and Watt 
were among the most prominent members The meetmgs were appointed 

to be held monthly at the full of the moon, to enable distant membeis to drive 
home by moonlight, and this was the more necessary as some of them — such 
as Darwin and Wedgwood — ^hved at a considerable distance from Bnmmg- 
ham • • Dr Darwm was regarded as the patnarch of the Society His fame 
as a doctor, philosopher, and poet was great throughout the Midland Counties 
He was extremely speculative in all directions, even m such matters as driving 
wheel-carnages by steam . Dr Pnestley, the discoverer of oxygen and 
other gases, was one of the youngest We find Boulton corresponding with him 
m 1775, prmcipally on chemical subjects, and supplying him with fiuor spar 
for purposes of experiment Five years later, m 1780, he was appomted mimster 
of the Presbyterian Congregation assembling m the New Meetmg-house, 
Birmmgham, and from that time forward he was one of the most active 
members of the Lunar Society « • * At the tune when he settled at Bir- 
mingham, Pnestley was actively engaged m prosecutmg mqunies into tiie 
constitution of bodies He had been occupied for several years before m 
makmg mvestigauons as to the gases The discovery of carbomc acid gas by 
Dr Black of Edinburgh had attracted his attention, and, living convemently 
near to a brewery at Leeds, where he then was, he proceeded to make expen- 
m&its on the fixed au: or carbomc acid gas evolved dunng fermentation. From 
these he went on to other experiments, making use of the rudest apparatus — 
phials, tobacco pipes, kitchen utensils, a few glass tubes, and an old gun- 
barrel, The pursmt was a source of constant pleasure to him, . , , Such was 
Pnestley, and such were his pursuits, when he settled at Birmingham in 1780 
There can be little doubt that his enthusiasm as an e^Eqpenmenter m chemistry 
exercised a powerful influence on the minds of both Boulton and Watt, who, 
though both full of work, anx;iety and finanaal troubles, were nevertheless 
found taking an active mterest from this time forward m the progress of 
chemical science Chemistry became the chief subject of discussion at the 
meetings of the Lunar Society, and chemical experiments the principal recrea- 
tion of their leisure hours. ‘T dmed yesterday at the Lunar Sod^ (K«ir*8 
house),” wrote Boidton to Watt, **therc was Blair, Pnesdey, Withedng, CSaton, 
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and an American “rebel/ Mr Collins Nothing new except that some of my white 
Sojit-o'' Iro*- oie was found to contain more air than any ore Priestley had 
c\e unCi "v is it contams no common air^ but is part fixable 

iiic mSrnmikO.c ■’'To H( urierscn m Cornwall, Boulton wrote, two months 
later, ' has xo^ some tmie been my nobby-horse, but I am pre- 
vented jL-om by cuised business, except now and then of a Stmday 

Hovwe^^ I njLvc ^rea^. progress since I saw you, and am almost an adept 

n g.Cu*l sr-cjs. I hai^e got all that part of Bergmann’s last 

volume lu-dblatecj oac ieu^nt from it many new facts I have annihilated 
Wm iv^iiidorL’’r oidw*i?iaber, hs^riiig taken away the floor^ and made the 
chicken kitcnea mco k.gh room covered over with shelves, and these I 
haxe filled wiJj. cneimcdi apparatus I have liKevwise set up a Pnestle 3 ran water- 
tub, uxia 3se : merconf'l tub ror experiments on gases^ vapours, etc , and 
next veor I siiali ancw ^ *.0 tnese a laboratory Viiith furnaces of all sorts, and all 
othei utenede 10 ^ «Jjr* ciiemr&cjr^' ” 1 he ‘^Piiestleyan v^ater-tub** and **mercunal 
tub/® here allwOcd lo, vyc e mveuted by Pi;.eslley m tJae vxturse of las mvestiga- 
tions for the piupose cl collcxtins aud handling g<»ses, and the pneumatic 
trougn, \Mth gLst retorts and rxs^vciC^ shortiv became pm of the fiirmture 
of every chcmir ^ ^aborator^' 

Anothei passage fiom Smiles leters to the tangible support which Pnestley 
received from Eotdtoj? and Wedgwood 

Josiah Wedgwood was another member of the Lunar Society, who was 
infected by Di Priestley’s enthusiasm for chemistry, and knowing that the 
Doctor’s mcome from his congregation was small, he and Boulton took private 
counsel together as to the best means of providing him with hinds, so as to 
place him m a position of comparative ease, and enable him freely to pursue 
his mvestigations Wedgwood had imdertaken to sound Dr Pnestley, 

and he thus commumcated the result to Boulton “The Doctor says he never 
did mtend or think of makmg any pecuniary advantage from any of his expen- 
ments, but gave them to the pubhc with their results, )ust as they happened, and 
so he should continue to do, without ever attempting to make any pnvate 
emolument from them to himself I mentioned this business to our good 
fnend. Dr Darwm, who agrees wath us m sentiment, that it would be a pity 
that Dr Pnestley should have any cares or cramps to mterrupt him m the fine 
vem of experiments he is m the midst of, and is willmg to devote his time to 
the pursuit of, tor the pubhc good . , . Dr Darwm wall be very cautious 
whom he mentions this affair to, for reasons of delicacy which wall have equal 
weight with us all I mentioned your generous mtention to Dr P , and that we 
thought of £20 each, but that, you wall perceive, cannot be, and the Doctor 
says much less will suffice, as he can go on very well with £100 per annum* 

The Darwm referred to m this passage was Erasmus, the grandfather of 
Charles, and author of the first book (Zoonomica) setting forth the evolutionary 
doctrme m Britain The descnption of the Lunar Society given by Smiles 
emphasizes m a very forable way the cultural decadence of the older seats 
of British learning m the pen^ that extended firom the generation of 
Newton and Bradley to the repeal of the Test Acts, which followed the 
foundation of new institutions such as those m which Davy, Dalton, and 
Faraday earned out their work It is instructive to note that some of the 
leaders of sdence like Pnestley and Benjamin Franklm were mtensely alive 
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to the pohtical struggles which antiapated and accompanied die next stage 
of mdustnal expansion Thus Smiles tells us 

The impressionable mind of Dr Priestley was moved in an extraoxdmar^ 
degree by the startlmg events which followed each other in quick succession 
at Pans^ and he entered with zeal mto the advocacy of the doctrmes of hberty, 
equahty^ and fraternity, so vehemently promulgated by the French ^‘friends 
of man His chemical piusuits were for a time forgotten, and he wrote and 
preached of human brotherhood, and of the downfall of tyianny and piiest- 
craft He hailed with debght the successive acts of the National Assembly — 
abohshmg monarchy, nobihty, church, corporations, »md other long-established 
institutions He had already been long and hotly engaged m polemical dis- 
cussions with the local clergy on disputed pomts of faith, and now he addressed 
a larger audience m a work which he published m answer to Mx Buike’s 
famous attack on the ^‘French Revolution ** Burke, m consequence, attacked 
Kim in the House of Ck>mmons, while the French Revolutiomst<?j on die other 
hand, hailed Kim as a brother, and admitted him to the rights of French citizen- 
ship These proceedings concentrated on Dr. Piiesdey an amoimt of local 
exasperation that shortly after burst forth m open outrage On July 14^ 1791, 
a pubhc dmnei was held at the prmcipal hotel to celebrate the second anni- 
versary of the French Revolution About eighty gendemen were present but 
Pnesdey was not of the number A mob collected outside, and after shouting 
‘‘Church and King*” they proceeded to demohsh the mn wmdows The 
magistrates shut their eyes to the riotous proceedmgs, if they did not actually 
conmve at them A cry was raised, “To the New Meeting-house,” the chapel 
in which Pnesdey ministered, and thither the mob surged The door was at 
once burst open, and the place set on fire • . They made at once for Dr 
Pnesdey’s house at FairhiU, about a mile and a half distant The Doctor and 
his family had escaped about half an hour before their amval, and the house 
was at their mercy They broke m at once, emptied the cellars, smashed the 
furmture, tore up the books m the hbrary, destroyed the philosophical and 
chemical apparatus m the laboratory, and ended by settmg fire to the house 
The roads for miles around were afterwards foimd strewed with shreds of the 
valuable manusenpts m which were recorded the results of twenty years^ labour 
and study — a loss which Pnesdey contmued bitterly to lament until the close 
of his life • The members of the Lunar Society, or “the Lunaucs,” as 
they were popularly called, were especially marked for attack durmg the riots 
Boulton and Watt were not without apprehensions that an attack would 
be made upon them, as bemg the head and front of the “Philosophers” of 
Birmmgham They accordingly prepared for the worst; called their workmen 
together, pomted out to them the cnminahty of the noters^ proceedmgs, 
and placed arms m their hands on their pxomismg to do their utmost to defend 
the premises if attacked. . As for Dr. Pnesdey, he shook the dust of 
Birmingham from his feet, and ded to London; from thence emigratmg to 
Amenca, where he died m 1804 While such was the blind fury of the populace 
of Birmingham, the prmciples of the French Revolution found adherents m 
all parts of E ng l an d. Clubs were formed m London and the prmcipal pro- 
vmcial towns, and a bnsk correspondence was earned on between them and the 
Revolutionary leaders of France Among those mvested with the rights of 
French citizenship were Dr Pnesdey, Mr Wabcrforc^ Thomaa Tookc, 
and Mr. (afterwards Sir) James Mackintosh Thomas PWnc and Dr. Flriestley 
were chosen members of the National Convention^ and fimner 

took has seat for Calais, th^ latter dechned, on tjdtt grpnnd of Wte toriWDUty 
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to Speak the language sufi&ciently Among those carried away by the pohtical 
epidemic of the time weie young James Watt and his friend Air Cooper of 
Aianchester In 1792 they were deputed, by the ‘‘Constitutional Society” of 
that towm, to proceea to Pans and present an address of congratulation to the 
Jacobm Club, then kno^n as the “Societe des Amis de la Consutution ” While 
at Paris, young Watt seems to have taken an active part m the fiery agitation 
of the time He was on intimate terms with the Jacobm leaders Southey says 
that he was even the means of preventmg a duel between Danton and Robes- 
pierre, to the foxmer of whom ne acted as second Robespierre afterwards 
took occasion to denounce both Cooper and Watt as secret emissanes of Pitt, 
on which yotmg Watt sprang mto the tribune, pushmg Robespierre aside, and 
defended himself m a stram of vehement eloquence which completely earned 
the assembly with him 

Alger asserts that Watt jumor \\as the anonymous Whig mentioned m 
Carlyle’s narrativd The account of Priestley’s career given m The Dtchonary 
of National Biography says that Pnestley himself was also 

elected a member for the Department of Orne m the National Convention 
Other Departments followed suit, but while he accepted citizenship, he declmed 
election The majority of members of the Royal Society fought shy of him 
Fmding that they we:te rejecting candidates on political grounds^ he withdrew 
attendance (1793) 

The mechamcal innovations associated with what is usually called the 
Industrial Revolution have overshadowed an important feature of the change 
which manufacturing underwent durmg the latter half of the eighteenth 
century It is mentioned m the concludmg remarks of the foUowmg extract 
from Nef’s Ri^ic of the British Coal Industry 

The expansion of mdustry and particularly the expansion of the woollen 
mdustry, diminished the space available for planting new trees In all 

countries near the sea, writes an anonymous authority towards the end of 
Elizabeth’s reign, “most of the woods are consumed and the grotmd converted 
to corn and pasture ” If the growth of the woollen mdustry m particular 
discouraged the plantmg of trees, the demands o^ mdustry quickly dramed 
the existmg forests of their timber For m that age wood was the raw material 
of all mdustry to an extent which it is difficult for us now to conceive Charcoal 
had to be mixed with saltpetre m preparmg gunpowder From the bark of 
trees workmen extracted a sap then mdispensable m makmg pitch and tar, 
with which to caulk the hulls of ships, and from wood ashes came potash, 
an essential constituent for the production of soap, glass and saltpetre The 
prmapal dram caused by the expansion of mdustry arose from the 
demands for it as building material and as fuel Ours has often been called 
an age of coal and iron, and it is perhaps no less appropriate to call the sixteenth 
and seventeenth centuries an age of timber It is unnecessary to dwell 

at length on the many thousand uses for firewood m early mdustry It is sufficient 
to pomt out that no change could be wrought m ore or metal without the aid 
of fuel, that substantial quantities of wood and charcoal were bemg consumed 
m malong starch, refining sugar, bakmg bread, firmg pottery, tiles, bncks, and 
tobacco pipes, drying malt and hops, and boiling soap • * Every mcrease 
m the quanti^ of bncks, or saltpetre, lime or salt manufactured with wood 
fud involved senous new encroachmrats upon native timber resources. But 
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the chief wastage was caused by glass malcers and smelcers The smcltii*g 
of iron was only a part of the larger problem of smelting and all jnctalt, » 

and that agam was only a pan of the still laigti problem of coal a Stiu 

able substitute for v^ood in mdustiy geneialiy^ and of ledi^cing fLe totc^^ con- 
sumption of fuel of all kmds in a given piocess Ii-* lt>23 a ccnjin Le/zy ■* 
van Mack had undertaken to eictract sih^er from lead in Ccirdiganshue^ using 
sea-coal m the smeltmg and charcoal “only m the refymng We know notlu^'ic 
about his methods or his success^ bat m an aiticle written lOTS, and de/ond 
to the methods of separatmg silver and other bodxes froxn ^e..d orc^ Dt C.hii£>- 
topher Alerret remarks that the ^‘latest invention is a new furnace The c(>n- 
vemence is^ tliat a little firca and that of New Castle will tk) the 

work” In 1620 the Crown granted a patent foi “chalking earth lucr’ 

to be used in smelang, and this is the first unmistakable reference to bUvIi an 
attempt that has been found With coke made m iruch the same way, 

Abraham Dai by solved the problem of iron smelting, which imlilse the smelting 
of lead and tm, could not be accomplished vath raw coal, ci cn aftci the inven- 
tion of the reverbeiatory furnace The ulumate discovciy by Uie cldci 

Darby at the begmmng of the eighteenth ccntuiy of a siiwcessfui piocess 
depended on innumerable experiments often directed icjwuds tlic 

smeltmg of metals other than iron, and even more often wcz directed tov^mdA a 
solution of the smelting problem at all 

The activities of Roebuck^ whose Carron Works at Stiihng look a prom- 
inent part m the mtroduction of coal for reduemg metal oresa illustiote the 
words Italicized m the foregomg atation While “the furnaces and foigcs 
had eaten up the woodlands of Susse\a^* and, as the Hammonds teJl us, “w^erc 
be ginnin g to Strip less promismg distncts bare,” all the manufat iurvs zvhith 
depended on wood were forced into the search for maieiial suh^Htuies One 
of the more important by-products was the alkaline potashes prepared by 
moneratmg charcoal Potashes were used for the making of glass and of 
soap, and for the cleaning of wool Keir, whose house is mentioned by Smiles 
in a previous quotation, was one of the first to set up a factory for making 
alkah from sea salt By the end of the century the commercial produc uon 
of alkah was well established 

The foundation of the S 3 mthetic alkah mdustry was made possible by 
the commeraal production of sulphuric aad. Sulphuric acid was mdecd the 
parent substance of modem chemical manufacture Its composition will be 
dealt with more fiilly m the next chapter* Brimstone bums m air to form 
sulphur dioxide, a pungent gas which dissolves m water to form sulphurous 
aad Sulphurous aad dissolves metaUic oxides and alkalis forming salts called 
“sulphites” When heated with air m the presence of spongy platinum, 
sulphur dioxide is partially converted mto sulphur tnoxide, which contains 
more oxygen Sulphur tnoxide combmes with water to form a heavy 
oily liquid, “vitnol” or sulphuric aad, which dissolves metals, alkahs, 
etc, thereby forming metalhc “sulphates” The present world output of 
sulphunc aad is about 16,000,000 tons per year. Writing about 1840, a 
century after Ward’s patent was first put mto operation, Liebig said: 

We may judge with great accuracy the commeraal prosperity of a country 
ftom the amount of sulphunc aad it consumes * 

* Liebig’s fetters on 
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The preceding remarks descnbe how sulphnnc acid is made nowadays The 
eaily history of sulphuric aad is briefly recounted by Lunge"* as follows 

Gerliara Domaeus (1570) described its properties accurately ^ Libavius (1595) 
recognized tne identity of the acids from different processes of preparation j 
the same 'was done by Angelus Sata (1613), who pomted out the fact, which had 
sunk into oDlivion smee Basilius, that sulphuric acid can be obtamed by 
burmng sulphur m moist vessels (of course with access of air), after that time 
It was prepared by the apothecaries m tins way An essential improvement, 
viz the addition of httlc saltpetre, was mtroduced m 1G6G by Nicolas le 
Fevie and Nicolas Lemery A quack doctor of the name of Ward first 

earned on sulpht*iic-acid makmg on a large scale at Richmond near London, 
probably a httle before 1740 Ward emi'lo^ed large glass vessels up to 66 
gallons capacity, wh-ch stood m two ac in a s^d-bath, and which were 
provided with horizontally projecting necks, nr ixe ootLom they contamed a 
little water In each xieck there was an ca^themvar^ pot, and on this a small 
red-hot non dish, mto winen a m^vture of one psit saltpetre and eight parts 
of brimstone weie put, then the neck of the bottle was closed with a wooden 
plug, on the combustion bemg finished, fresh air was allowed to enter the 
vessel, and the opeiation was repeated till the acid had become strong enough 
to pay tor concentraimg m glass retojits Ward’s process, troublesome 

as It is, reduced the pnee of the acid from 2s Cd pei oimce (the price of the 
acid from copperas or from burmng biimstone under a moist glass jar) to 
2s pei lb 

Roebuck improvea on the Ward process by intiodiicmg lead chambers 
which reduced the expense meurred by the use of large glass vessels Prosser 
{JBitmmgliam Irvoeniotb and Tnventwm) says that he set up a manufactory at 
Steclhouse Lane, BtnmngJiam^ with his partner, Mr Samuel Garbett, m 
1746, and that the works, afterwards sold to Alston and Sons, continued to 
make the acid till 1825 Lunge tells us that soon after he set up his factory at 
Prestonpans several others were started m England 

Soon other works followed at Bndgenorth, and at Dowlcs in Worcestershire 
where the chambers were already made 10 feet square, m 1772 there was a 
factory erected m London with 71 cylmdneal lead chambers, each 6 feet 
diameter and 6 feet high In 1797 there were already six or eiglit works m 
Glasgow alone Accordmg to the statements given m Mactear’s Report of the 
Alkah and Bleachtng^Powder Manufacture %n the Glasgow District (p 8), tlie 
acid at that time cost the Glasgow manufacturers per ton, and was sold 
at £64 At Radcliffe, near Aianchester, it cost, m 1799, £21 10s per ton, 
without mterest on capital 

Accordmg to Lunge the aad was first sold for the bleachmg of bnen 
Smee Home did not receive his medal till six years after the factory at 
Prestonpans began production, it seems unlxkdy that this was the ongmal 
mtention* Before makmg experiments on the lead-chamber process Roebuck 
had been engaged m work on refimi^ preaous metals, and it is possible that 
vitnol was used for dissolvmg traces of copper m the latter, or for makmg 

^ Since this was written H W Dickmson, the biographer of Boulton, has published 
an account of the early history of sulphuric aad m fixe Journal of the Newcomen 
Society 
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mtnc acid from saltpetre to dissolve out lead We also learn* that Achard, 
a pioneer m the commercialization of beet sugar, used sulphuric acid (1792) 
for purification of beet juice In England, Ward’s product may have been 
wanted for the purification of clay used m the Potteries The invention of the 
hydrogen balloon was an mcidental consequence of its preparation m large 
quantities* 

In a small way it had been used by apothecanes for m a kin g the apenent 
called Glauber’s salt Glauber’s salt, or sodium sulphate, was made by 
heatmg bnne (the sohd content of which is mainly sodium chloride) with 
vitnol In the reaction which ensues a highly soluble pungent gas (now called 
hydrochloric acid) is evolved The two products of this reaction were the 
parent substances for two other chemic^ mdustnes established before the 
century ended New methods for bleachmg hnen stimulated mdustriahsts 
to seek for new expedients, and led to the mtroduction of chlorme gas, and 
bleachmg powder prepared from it The former is prepared by heatmg 
hydrochlonc aad with black manganese dioxide, the latter by passing 
chlorme over dry hme The antecedents of this new cheimcal mdustry are 
described by Smiles 

Among Watt’s numerous scientific correspondents was M Berthollet, the 
emment French chemist, who coxnmumcated to him the process he had dis- 
covered of bleachmg by chlorme Watt proceeded to test the value of the dis- 
covery by experiment, after which he recommended his father-m-law, Mr 
Maegregor, of Glasgow, to make trial of it on a larger scale This, however, was 
postponed until Watt himself could find time to supermtend it m person At 
the end of 1787 we find hi m on a visit to Glasgow for the purpose, and writing 
to Boulton that he is makmg ready for the tnal “I mean,” he writes, ‘‘to try it 
tomorrow, though I am somewhat afraid to attack so fierce and strong a beast 
There is almost no bearmg the fumes of it After all, it docs not appear that it 
will prove a cheap way of bleachmg and it weakens goods more than could 
be wished, whatever good it may do m the way of expedition ” The experi- 
ment succeeded, and we find Mr Maegregor, m the followmg February, 
“engaged m whitenmg 1,600 yards of hnen by the process ” The discovery, 
not being protected by a patent, was immediately made use of by other firms, 
but the ofilensive odour of the chlorme was found exceedmgly objectionable, 
xmtil It was discovered that chlorine could be absorbed by slaked lime, the 
solution of which possessed great bleachmg power, and this process m course 
of tune superseded all the old methods of bleachmg by chlorme. 

The commeroalization of bleachmg powder was successfully accomphshed 
by Tennant of Glasgow in 1799 Meanwhile Glauber’s salt had been put to 
a new use The ashes left by mcmeratmg charcoal (mostly potassium carbon- 
ate) or sea weeds (mostly sodium carbonate) had been used as the chief 
source of alkali m the glass, soap, and wool mdustnes from time immemorial 
In medieval times the for^ts of eastern Europe were responsible for a con- 
siderable e^ort trade of “potashes” for the English wool mdustry . Dtucmg the 
revolutionary wars the available supplies had run so short m France that the 
Academy was forced to oflfer a large pnze for a suitable method of makmg 
alkalis from other sources The pnze was won by Jjthimc in 1791. The 
* Pnvate communication fix>m Mt^ J. L. Aiaddab 
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Leblanc process Tor making sodium carbonate consists of three stages 
First sodium chloride is obtamed fiom sea water, of which it forms about 
75 per cent of the solid mattei, b] evaporation to the stage when the crystals 
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Begmmngs of Modem Chemical Industry. 

of sodium chlonde separate out The sodium chloride is nest heated with 
sulphuric acid. Hydrochlonc acid gas escapes, and can be collected by passmg 
It mto_water. So^um sulphate or Glauber’s salt remains behmd. In the 
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final stage this is dried and cooked m a furnace with coke (caibonj The 
oxygen is thus removed from it Carbon dioxide escapes^ and sodium sul- 
phide remams be hin d The latter is heated with chalk (calcium carbonate) 
givmg calaum sulphide, which is msoluble m water, and sodium carbonate 
(washmg soda), which is easily removed because of its great solubihty The 
Leblanc process produces hydrochloric acid as a mam by-product and a 
large number of less important products, mcludmg caibon dioxide v/hich is 
now used for chargmg soda-water siphons 

Although the Leblanc process which superseded its predecessors i<^as 
undoubtedly more efficient, it did not differ m prmciple fiioni earlier and less 
extensive commercial undertakmgs m France and m Britain About 1780 
the Scots chemist Keir, at one time a partner of Boulton, established a tory 
at Tipton for the production of alkah fironi sea salt Accordmg to his bio- 
grapher the first stage was the production of sodium sulphate, as m the 
Leblanc process CoUison took out an English patent essentially similar to 
the Leblanc recipe m 1782 An earher suggestion of Scheele (1776) to make 
sodium carbonate by heatmg sea salt with lead oxide and treatmg the soluUon 
with fixed air is not known to have been used. 

About this time Boulton’s works sponsored the begmmngs ol one of the 
most powerful of all the chemical mdustnes m the ensumg century In 1785 
a continental chemist, Maestnehte, had shown that coal gas could be used lo 
hght a lecture room A Frenchman named Le Loss used it to hght his own 
house m Pans m 1786 Between 1792 and 1802 Murdock, a Scots workman 
m the employment of Boulton and Watt, earned out successful expenments 
which led to the mstallation of an eqmpment m the engmeermg works of 
Boulton, Watt and Co , at Soho, Birmingham Prosser (Bmnwgham Inventors) 
says 

Murdock is entitled to the sole credit of bemg the first to brmg gas-light 
into the region of practice Part of the Soho estabhshment was regularly lighted 
with gas m 1798 On the occasion of the rejoicings at the Peace of Amiens in 
1802 the front of the building was hghted by gas After that tune it spread 
rapidly to other parts of the country. In 1808 he read a paper before the Royal 
Society givmg an account of his mvestigations on the subject, lor which h^. 
received the Rumford Gold Medal 

Some ten years after the installation of coal gas m Soho commeraal 
production of matches from phosphorus began The ^preparation of phos- 
phorus from excrement had been undertaken dunng the seventeenth 
century, when Boyle had toyed with the possibihty of makmg matches In 
the latter half of the eighteenth century Scheele (1771) discovered how to 
make it from bone ash, for which a commercial demand existed m the china 
industry. Thomas Frye took out a patent for the use of bone ash as an 
mgredient of pottery m the ihid-eighteenth century At the time of Schcele’s 
discovery, *‘bone china” was bemg manufactured by Spode of the Stafford- 
shire Potteries When the nineteenth century began, the ttamed chemist 
had become essential to industry, and the encouragement of 
research to make the fullest use of every by-product was a matter of the 
utmost importance to the new manufacturing class. 
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THE STRLCnURE CL^SSiriC>ATIOI\ OF MATERI/iLS 

Before iL IS possiole to find laws Vvhicb embody correct lules of conduct 
It IS necessary to oDserve icievant facts wim accuracy and classify them intelli- 
gently Although comprehensive pxincipies underlymg the manufacture of 
new substances and the discovery of new soaiccs of materials did not emerge 
durmg the century and a half wmch folio ^ea the issue of Glauber’s Pros- 
parity of GermUfZy^ the accumulaUN^e lesults of the recogmtion of a third 
lealm of matrei^ mc^udmg a variety of substances w'lih totally distmct 
characceriGticSj had provided the only foundt^tion on vvhicii a useful body of 
theory^ could be built Through tne realization chat tne new gases were not 
vaiious forms of but mdmdual substances witn characteristics as 

dislmct and constant as tnose of pure sends and hquidSj a classification of 
substances based on the viay m which they are built up^ and hence on the 
sources fiom which mey can be obtained, was gradually replacing that of 
the alchemists 

Black’s woik (175f) on caibon dioxide and that of Cavendish (1760; on 
hydrogen had been followed by a plethora of discoveries Compounds which 
had been dismissed as fumes and smells vi^ere systematically investigated 
Besides those of the four elementary gases (oxygen, mtrogen, hydrogen, and 
chlorme) the characterisucs of about a dozen other gaseous substances had 
been studied by the end of tne eighties Priestley dcsciibed the properties of 
sulphur dioxide (1770), hydrochloric acid gas, mtrous and mtiic oxide (1772), 
ammonia (1771), and sulphuietted hyorogen (1777) Scheele and Priestley 
discovered sihcon tetiafluoiide m 1776 Scheelc, who had first made chlorme m 
177i, also made sulphur trioxide Caibon monoxide was first studied by de 
L assone m 1770 Methane and ethylene (two other constituents of the mixture 
that IS called coal gas) were respectively mvestigated by Berthollet (1785) and 
by a group of Dutch chemists 

By the end of the eighteenth century it was possible to distinguish between 
a gioup of simple substances or elements — sohds like sulphur, carbon (char- 
coal), phosphorus, and the metals, gases like oxygen, hydrogen, and mtrogen 
— ^which combme to form compound substances with equally defimte charac- 
teristics such as density, solubihty, colour, odour, texture, power to conduct 
heat, and so forth The class called compounds mduded first and foremost 
the oxides formed by combination with oxygen One large class of oxides 
were all aetdte^ i e dissolving like the oxides of sulphur, carbon, mtrogen, 
and phosphorus, m water to form “acids The definition of an acid retains 
to this day its early association with the dyemg of textiles Acid solutions were 
recognized by their power to turn the blue htmus dye red In contradistmction 
another dass, the oxides of the metals, are distinguished as bastc^ being 
capable of combinmg with acids to form more complex bodies called salts 
Some of these basic oxides, like quiddime, umte with water to form more 
complex substances called caustic alkalis con taining hydrogen as well as 
oxygen and metal (eg slaked lime) Salts, which can also be formed by 
dissolving’ a metal m a strong acid hke mtnc acid, sulphuric acid, and 
hydrochloric acid, were being classified according to the acid or acidic 
oxide ftom which they were derived Thus gypsum (calcium sulphate), blue 
vitnol (copper sulphate), green vimol (iron sulphate), and Epsom salts 
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(magnesium sulphate) are all now recognized as members of the class of 
sulphates (salts formed by dissolvmg a metal or its oxide m sulphuric acid) 3 
potashes (potassium carbonate), malachite (copper carbonate), and chalk 
(calcium carbonate) as carbonates (salts formed by the umon of a metal 
oxide and carbon dioxide), and common salt (sodium chloiide), calomel 
(mercury chloride), and horn silver (silver cnloiide) as chlorides 

Substances of another class were known to be compounds because they 
could be broken down mto two or more other distmct substances Not all 
substances recognized as elements or compounds a century and a half ago 
are regarded as such today Some substances which we can now build up 
from their elements were still beheved to be elements The yellow gas 
chlmine^ which is an element given off when manganese dioMde is heated 
with a solution of hydrochloric acid, was then beheved to be an oxide 
Chlorme umtes with hydrogen m sunhght to form the colourless hydro- 
chloric acid gas Smee it was thought that all acids are formed from oxides, 
like carbon dioxide, sulphur dioxide, or phosphorus pentoxide, hydrochloric 
acid was at first supposed to be the oxide of an imdiscovered element, and the 
use of manganese dioxide m its preparation seemed to support this conclusion 
Repeated attempts to break it down eventually discouraged this behef 

The new method of classification was not merely a question of what 
names we give to substances It meant far more Calling three substances 
htharge, galena, and sugar of lead, commumcates nothmg about the way 
they are built up When we call them by their new names, lead oxide, lead 
sulphide, and lead acetate, we convey new information about the way in 
which they may be obtamed, or the use to which they may be put For m- 
stance, each is a source of lead Most sulphides can be qonverted mto oxides by 
heating with an oxidizmg agent — somethmg that gives up oxygen readily 
Thus the malodorous gas sulphuretted hydrogen or hydrogen sulphide, 
Uberated by strong aads firom metallic sulphides like pyrites, will bum m 
air to form water (hydrogen oxide) and sulphur dioxide Most oxides of 
metals can be converted mto metal by heatmg them with a ^Wedttctng^^ agent, 
such as hydrogen gas, which combmes with the oxygen to form water vapour, 
or charcoal, which combmes with the oxygen to form carbon dioxide Among 
the best oxidizing agents for soluble substances are hydrogen peroxide and 
potassium permanganate Among the best reduemg agents are the bubbles 
of hydrogen given off when tm or zme dust are dissolved in a strong acid 
like hydrochlonc acid Metallic acetates m general are converted mto oxides 
by heat, and made by dissolving a metallic oxide or carbonate m acetic acid, 
which gives vmegar its sour taste From such general knowledge of the 
characteristics of acetates, oxides, and sulphides, and general knowledge of 
the characteristics of lead compoimds, we can condense a mass of useful 
information m the statement that a substance is the acetate, oxide, or sulphide 
oflead 

Hence the new label for galena tells us somethmg about how we should 
set about lookmg for the substance. Metafile sulphides give off sulphuretted 
hydrogen when treated with a strong mmetal aad like hydmchJonc. Lead 
salts are identified by the feet that nearly all cblondes are soluble in cold 
water, the notable exceptions bemg silver, and mercutyji of which 
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e last two are not soluble m hot water So li a lead compound is dissolved 
mtric acid, all the salts of which {wtrates) aie soluble, a precipitate which 
dissolves m hot v^ater is formed on adding hydrochloric acid 
In shoit, the new method of rLissdlcaaon based on the way thin gs are 
lilt up IS an mventory of man’s resources of materials, known and as yet 
iknown The discovexy^ of the metal chromium which is now used as an 
gredient of rustless steel in the middle of the eighteenth century illustrates 
>w the new method helps to discovei new kmds oi materials, as well as 
rectmg our attention to new souices of known materials In the middle of 
le eighteenth century a Sibeiian mineral (now known to be lead chromate) 
as found to be the representative of a class of salts which did not corre- 
)ond to those formed from the oxides of any known element Subsequent 
arch led to the discovery of a new metalhc element 

At the end of the eighteenth century the four elements of Anstotle had 
jen replaced by about fifteen Today we lecogmze about ninety. More than 
ilf of those known at the time of Lavoisier had been objects of use for 
veral miUenma Those known to the ancients m a comparatively pure form 
eluded carbon, sulphur, and the metals gold, silver, iron, copper, tm, 
ad, antimony, mercury, and zme During the seventeenth and eighteenth 
ntunes the hst of sohd dements was extended by the addition of phosphorus 
id several new metals, notably platinum, chroimum, arsemc, and manganese 
hree gaseous elements, oxygen, mtrogen, and hydrogen, which were dis- 
)\ered m the eighteenth century, had not been previously knowm as separate 
ibsiances Chlorme had been isolated, though not as yet known to be an 
ement 

The hst of elements then knowm excluded many names which are famihar 
» any civilized person today The commonest metalhc elements were only 
lown m their compoimds Sodium, whose chloride is the chief sohd con- 
ituent of the sea — common salt, potassium, whose mtrate is the essential 
mstituent of gunpowder, calaum, whose carbonate (chalk) forms the chffs 
' our shores, and whose oxide (hme) had been used from tune immemorial 
ir curmg leather and makmg cement, were not known m the pure state 
oron, whose compounds were already used m medicme, had not been 
parated Berylhum, a metal like magnesium, forming three crystalhne 
Its which are the famihar jewels beryl, aquamarme, and emerald, was 
)t known 

To this hst of common elements, unknown m Lavoisier’s time, we must 
so add the two elements aluminium and sihcon With oxygen they form the 
rerwhehning bulk of the superficial layers of the earth’s crust. Aluminium, 
metal, is now used m paint, kitchen utensils, piston heads, and aeroplane 
igmes Its oxide, tmted wnth vanous impurities, is the mam constituent 
the gems sapphire, ruby, and amethyst In combmation wnth sihca 
lumimum sihcate) it is the chief constituent of common clay. It is ubiquitous, 
id vastly more abundant than any other metal to a depth of half a mile 
' the earth’s crust, and even to a depth of 25 miles approachmg the iron 
»rc of the earth it is at least actually more abundant than iron Sihconis not 
metal. Its oxide (si/ica) is rode cr 3 rstal or quartz Sand is mamly sihca 
ith vanmts ux^punties. Glass, which was originally made by heating sand 
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With an alkali (lime or potashes) or basic oxide (e g litliarge )3 is a mmure of 
various metallic silicates (commonly calcium^ sodiums pou-^siumj aad lead) 
Wmdow and table glass is a sodium calcium silicate mixtuiej Ikat glass and 
cut glass a lead potassium silicate mixture Jena glass a potassium calcium 
silicate mixture 

The elements known m the eighteenth centmy did not mclude the com- 
paratively lare element radium> nor selemum^ whose great sensitivity to hght 
IS used m television The three elements (bromme, iodine and fluoime) 
whose compounds closely resemble those of chlorme w ere not yet isolated 
A silver compound of one of these (silver bromide)^ which is very sensitive 
to hght, IS the basis of the photographic mdustry The solution of lodme 
(generally dissolved m a solution of potassium iodide) is a famJiar antiseptic 
Huorme m combmaaon with sihca forms complex salts (fluosihcates) which 
occur as mine rals It IS also a constituent of the acid called hydrofluoric acid 
which attadcs glass and for this reason is used for etchmg 

QUANTITATIVE ANALYSIS 

It IS a common delusion to think that the mtroduction of a httle mathe- 
matics mto a subject necessarily makes it more saentific Mathematics is 
useful when we wish to recognize the sigmficance of tneasuremenU In the 
early stages of a science the unportant thing is to know very thoroughly the 
charactertsUcs of the things which we are studymg We can only make useful 
measurements when we are clear about what we are measunng This was the 
task of chemistry m the eighteenth century Till the beginning of the nine- 
teenth century, only one important rule of measurement m chemical reac- 
uons had been discovered This is usually called the Law of Constant Pro^ 
portions It would be foolish to put a date to its discovery, because it represents 
a condusxon which gamed mcreasmg confidence as chemists acquired the 
habit of weighing all the ingredients and products of a process 

The Law of Constmt Proportions is that the ratio of the weights of 
the mgredients used up m makmg the same substance is always the 
same If the mgredients are themselves elements this is the sahie as saying 
that the proportions by weight of the constituent elements m any compound 
IS fixed To prove this rule it is necessary to weigh separately each constituent, 
as Lavoisier did m his experiments on calcination Once we are satisfied that 
It IS true much labour may be saved We can use it to calculate some quantities 
if we have recorded others This may be illustrated by the way m which we 
can find the proportion by weight ^ magnesium and oxygen m the oxide 
of the metal (Fig 252) A tube with a wire to hold it m pla^ on the balance 
and a plug of glass wool are first weighed. A stnp of magnesium is then put 
m the tube and the glass wool is inserted The glass wool and tube with 
magnesium m it are now weighed, and the difference between the two 
weighings is the weight of magnesium added If the tube is now held m a 
flame, the magnesium igmtes with the bhndang btilhitney now fimuliar in 
fl a shlig ht photography, and a dense dbud of white powder (magnesium 
oxide) IS formed TTbie glass wool prevents explosion by admitting air ffedy, 
while at the same time stopping the particles of oxide fiom g e trm g mtt. A 
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third weighing when the tube has cooled now shows an increase in weight 
If we call the weigJat of the tube and glass wool before adding magnesium 
the glass woo! and tube with magnesium 6, and the same after igmtion the 
weight of magnesium (b — d)^ the weight of magnesium aside formed is 
(c — a\ and the weight of o'sygen with which (b — d) grams of magnesium 
combmes is (c — a) — (J? — d) = (c — b) Providmg the magnesium is as 
pure as we can get it, the rauo of (b — d) magnesium to (c — i) o'^gen is 
always the same 

How we might deienmne the pioportion by weight of silver and chlorme 
m silver chloride provides a second illustration of what chemists call giavv^ 
metric analysts A clean dr> centrifuge tube is weighed A small quantity of 
pure silver is placed m and it is weighed agam to get the amount of silver 
(b — d) A solution of modeiateh strong mtne acid is added to dissolve 
the Silver From the solution of si!\ei mtrate so fo -mea the msoluble chlonde 



Fig 252 — Gravimetric Analysis of Magnesium Oxide 

IS precipitated, if a strong solution of pure sodium chlonde is added This 
white powder (which darkens m sunlight) is thrown to the bottom of the tube 
m a hard cake, after rotation m a high-speed centrifuge The fluid can now 
be poured oflf, the tube* with the cake of silver chlonde rinsed with pure 
water and placed m a warm oven till it is dry, i e when repeated weighing 
gives constant results The difference between the final weighing (c) of the 
tube plus silver chlonde and the second weighmg (b) of the tube plus silver 
IS the weight of chlorme which umtes with the weight (b — d) of silver 
In both these examples the irksome necessity of weighmg a gas is avoided 
by usmg the Law of Conservation (p 393) to get the result mdirectly In all 
analysis one or other of the constituents is obtamed by inference* One useful 
method of analysis avoids repeated weighing and drying by measurmg 
volumes of solutions of known strength Standard solutions for ^^volumemc’’ 
analysis are made m large quantities by weighmg out accurately a suitable 
amount of a reagent and dissolvmg it in a ‘‘volumetric” flask (Fig 253) 
This bears a mark correspondmg to the level of water which exactly occupies 
a stated volume, e*g 1,000 cubic centimetres (1 htre) at a stated temperature* 
us suppose that we wish to know m what proportions by weight sodium 
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and chlorine imite to form sodium chlonde (common saltj^ and that we alieady 
know how much silver chlonde is formed from a given quantity of silver 
mtrate We have to start with a solution of silver mtrate lormed by dissolving 
exactly x grams in a htre^ so that 1 c c of the soluuon contams 0 OOlx grams 
If jV grams of silver chlonde are formed from x grams of silver mtrate, 1 c c of 
the solution is eqmvalent to 0 OOI 3 ; grams of silver chlonde, and if 3 ; grams of 
silver chlonde contains z grams of chlorme, 1 c c of the solution is capable of 



Fig 25^ 

One litre volumetric flask (A), 20 c c pipette (B), and burette (C), used in 
volumetric analysis 

throwing down 0 OOlar grams of chlorme as silver chloride precipitate Silver 
mtrate is a common laboratory reagent for estimating chlorides, so a standard 
solution of It IS usually kept m a laboratory* To find the proportions of sodium 
and chlorine m a solution of sodium chloride without gomg to the trouble 
of preparing and keepmg the metal pure, we might make up a standard 
solution of sodium chlonde by dissolving n grams of sodium chloride in a 
litre, so that 1 c c of the solution contained 0 OOln grams* We now measure 
out a fixed quantity, eg 10 c c , of this mto a glass vessel with a marked tube 
( pipette*^)* This IS done by sucking up the fluid with the mouth and keying 
*e level exactly at the mark by applying a finger to the onfice* Finally, we 
drop mto this vessel the standa r d solution of silver nitrate fiqm a graduated 
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tube (buiettej 'with a tap 'whicn can be turned oflF when all the sodium chloride 
has been used up to form msolable silver chloride The graduation marks 
of the burette teh us how’ mucit standard sdver mtrate has been run when 
this pomt IS reached 

To gauge the end of tne *eoction evactly a few drops of potassium 
chromate are added to the solution of sodium chloride A drop of silver 
solution m a solution of potassium chromate pioduces a brick red colour, 
which may, therefore, be usea to detect 'when silver mtrate is present As long 
as there is any sodium chloride m the solution the silver mtrate is converted 
mto silver chloride When it is ail used up a further drop of silver nitrate 
will reveal its presence m the solution by the appearance of the bnck-red 
colour If the quantity of sodium chloride taken is 10 c c the weight of 
sodium chloride is 0 01^ grams If S 5 c c of standard silver mtrate solution 
are run m before the bnck-red colour appears, S 5 x 0 001^ grams of 
chlorme have been thrown out of the solution So 0 Oln grams of sodium 
chlonde contam 8 5x0 001^ giams of chlorme and 0 OIrf— (8 5x0 OOlcr) 
grams of sodium 


THINGS rO MEMORIZE 


diaries’ Liw v = T, where V is tiie volume at 0-* C and T is the 
absolute temperature 


EXAMPLES ON CHAPTER VIII 

1 A closed glass graduatea cylmder of 10 sq cm sectional area, containing 
a mixture at atmospheric pressure of ammoma and air m equal parts by volume, 
stands in a dish of mercury with the top 25 cm above the level of the latter 
A few drops of fairly strong mtnc acid are mtroduced by a bent tube mto the 
cylmder till all the ammoma has been absorbed To what level will the mercury 
nse? 

2 If two parts of hydrogen combme with one part of oxygen by volume to 
form water 'vapour, how high will the mercury rise when an electric spark is 
passed through a mixture of 200 c c of hydrogen and 60 c c of oxygen at 
atmospheric pressure m a glass cylmder of 10 sq cm sectional area? If the 
fLmd were water (13 times less dense than mercury) how high would it nse? 

3 A quantity of oxygen m a cylmder mverted over water measures 200 c c at 
20® C and 740 mm pressure What is the volume of the oxygen dry and when 
measured at 0® and 76 cm pressure? 

4 A vessel of 2,000 htres capacity holds a quanuty of gas at 0® C and 
740 mm pressure If the temperature nses to 24® c , what does the pressure 
become? 

6 If at 0® C and 76 cm pressure a htre of air weighs 1 293 gm , what will 
be the temperature at which a litre of air at 74 cm pressure weighs 1 gm > 

8, The temperature and pressure of the air at the top of a mme are 10® C. 
and 30 mches of mercury respectively, at the bottom of the mme are 14® C* 
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and 30 6 inches Compare the density of the air at the bottom with that of the 
top 

7 A globe of diameter 8 mches has 10 cub ft of dry air at 32"^ F and at 28 

inches pressure pumped mto it What is the pressure when the globe is heated 
to 200® F ? 0® C «= 32® F ^ 100® C = 212® F 

8 Pure sulphmic acid of density 1 84 gm per c c is diluted with water until 
Its final volume IS one hundred times as great Then 5 c c are measured and 
a drop of bromthymol blue gives it a bright yellow tmt From a stock solution 
caustic soda is added drop by drop tall the mixture suddenly turns a faint 
blue The burette shows that 7 6 c c have been used up If 10 c c of another 
solution of sulphuric acid requires 9 c c of the same stock solution to ncutrahze 
Its how many grams of pure sulphmic acid per htre does it coniam? 

9 What volume would 100 c c of oxygen measured at 0® and 755 mriA 
pressure occupy if the temperature were raised to 20® C and the pressure 
lowered to 750 mm ? 

10 If 32 gm of oxygen at 76 cm pressure and 0® C occupy 22 4 htres> how 
much oxygen would occupy 20 htres at 100® C and 80 cm pressure? 

11 To compare the densities of gases the weight of 1 hire is usually calcu- 
lated j&X)m observed data for the standard temperature of 0® C and pressure 
of 760 mm (called briefly S T P ) Tabulate the densities of the foUowmg gases 
and their relative densities to the nearest half mteger, takmg hydrogen (= Ij 
as the standard^ from the following data 



Weight 

Volume 

Tcmperatuic 

Prcssuie 

Gas 

(g) 

(cc; 

(C) 

fmm ) 

Oxygen 

3 4234 

2,500 

10® 

755 

Ammonia 

2 1606 

3,000 

16® 

710 

Nitrogen 

1 7629 

1,500 

20® 

762 

Chlorme 

7 7446 

2,600 

10® 

758 

Hydrogen 

0 1027 

1,200 

16® 

703 


12 A graduated glass vessel mverted over sulphuric acid to absorb water 
vapour contains 500 c c of hydrogen at atmospheric pressure 100 c c of 
oxygen are admitted and an electnc spark is mtroduced by msulated wires 
When the vessel is depressed till the level of fimd is the same inside and outside^ 
the volume of gas contracts to 300 c c Again 100 cc 6f oxygen are admitted 
The volume now contracts to 100 c c when the mixture is sparked. When the 
same procedure is repeated the total volume is reduced to 50 c c A fourth 
repetition results m no contraction after sparkmg* From this deduce the rclauve 
proportions in which hydrogen combmes with oxygen to form water It the 
densities of hydrogen and oxygen at S T P are 0 0899 and 1 429 gm per litre 
respectively^ find the combining ratio of hydrogen and oxygen by weight. 

13 Usmg the conclusion estabhshed m the precedmg experiment^ deduce 
the proportion of oxygen m atmospheric air from the following data of an 
experiment m which all the water vapour formed is absorbed as before with 
sulphuric acid 


H3'd]rogen 

Air 

Total Volume after 

(cc) 

(cc) 

Sparking 

600 

500 

700 

600 

750 

800 

600 

1,600 

1^50 

600 

2,000 

1,750 
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1 958 gm of solphur bu**ns m air with the production of 1^500 c c of 
sulphur diouide wnei: the atmospheric pressure is 740 mm and the tempera- 
ture at men tne is collected is 20 ° C If the density of sulphur dioxide at 
S T P IS 2 877 gm per htre^ fmd the combining ratios of oxygen and sulphur 
oy weight 

15 If 1 C>05 gm of car Don bmrn in air witn the production of 83500 c c of 
caibon cuoxide (density 1 Vtb gm per htie at S T P ) collected at 0 9 atmos 
pressure and l 0 ° C 3 find the comb-mng ratios of o vygen and carbon by weight 

16 If 1 gzn of hydiuogen at 0 ^ C and 70 cm pressure on the mercury 
oaiometer occupies • ^ 2 iiues llie weight of 1 liua at 20 ° C and 75 cm 
pressuie 

17 If 10 gm of oxygen at 0 C and ""6 cm pressuie occupies 11 2 lities 3 

find the aensity of o vygen at 2 705 mm pressure reteiied to hvdrogen 

at S T P as standaid. 



CHAPTER IX 


THE ATOMS OF DEMOCRITUS 
Intinuxtions oj the Age of Plenty 

It is an error to draw a sharp distinction between the debt which saence 
owes to the contributions of specially gifted individuals on the one hand 
and to social demand on the other The social background of science mcludes 
the material use of the firuits of saentific knowledge, the material environ- 
ment which directs mdividual mierest to specific problems, the social 
tradition which checks or stimulates enquiry m one direction or another, 
and the way m which soaety makes use of its own persoimel The exhaustion 
of former fuel supphes and the substitution of new ones towards the latter 
end of the eighteenth century culmmated m the foundation of new chemical 
mdustnes for the manufacture of sulphuric aad, bleachmg powder, coal 
gas, beet sugar, synthetic alkahs, and phosphorus matches Otienustry was 
m demand New bene&ctions and endowments provided it with new 
problems and new resources Consequently it could now command the ser- 
vices of a greater number of gifted mdividuals and select them from a more 
ample reservoir of talent 

The experimental chenust of the eighteenth century was, generally speak- 
ing, a man of means. Boyle, Cavendish and Lavoisier belonged to the pros- 
perous classes The great figures of the nmeteenth century like Davy and 
Faraday did not The new demand for talent was too great to be supphed 
by the social personnel firom which the great chemists m the old tradinon 
had been recruited When we have acknowledged to the full the debt which 
chemistry owes to men like Davy or Faraday, we are forced to recognize 
that a deasive aspect of the rapid progress with which their names are 
associated was expansion of educational opportumnes As far as we can be 
certam of anythmg about mdividual human hves we can be tolerably sure 
that the great Faraday, a bookbmder’s errand boy, would never have been 
a chemist if he had hved a century before the Royal Institution was founded 

The new social demand for chemical knowledge m the decade which imme- 
diately preceded the great theoretical advances of the nmeteenth century 
18 well illustrated by a remark m one of Boulton’s letters Referrmg to his 
son, he says “Matt is a tolerable good chemist . I shall be glad when 
the time amves for him to assist me m the busmess ” A good account of the 
circumstances which led to the foundation of the Royal Institution is given 
m J G Crowtha’s lUummatmg essay on Davy Equ^y notable among the 
new organs of educanon adapted to the cultural needs of the manufoctunng 
class m Eng lan d was Owens College at Manchester. Just as Birmingham, 
the centre of the new machine mdustry which cateated a new demand for 
metallurgical knowledge, was also the focus of an important schcxil of chemical 
discovery m the latter part of the eighteenth century, Maaicbestcr, then 
rising to prommence as a centre of the textile industry, was the home of 
an active school of chemical research m the oDenuut years of the triiWffieeinlh. 
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Pnesdey himself had been a tutor at the Warrington Academy, which was 
foimded m the latter half of the eighteenth century to provide mstruction 
for the sons of prosperous mdustnahsts and busmess men with dissentmg 
views Chiefly from among the pupils of the Wamngton Academy came the 
group of men who started the Manchester Philosophical and Literary 
‘Society with much the same character as the Limar Society of Birmmgham 
Its correspondmg members mcluded Benjamm Franklin, Erasmus Darwm, 
and Josiah Wedgwood Thomas Henry, who was one of the ongmal members, 
was an active chemist, his son, a later member, bemg better known as such 
In an address to an early meetmg (1781) Hemy (j>ere) emphasized the pre- 
emmence of chemical science m connexion with the needs of Manchester 
mdustnahsm 

Nor is the utihty of chemistry more confined, or less connected with manu- 
factures than mechamcs Indeed chemistry may be, not impropeily, called 
the corner-stone of the arts To show the advantages arismg from this 

science m all the arts through which they might be traced, would carry me 
far beyond the limits of my present design It may be sufficient to pomt out 
the connection which subsists between chemistry and those manufactures 
which are the pride and glory of this respectable commercial town Bleachmg 
IS a chemical operation The end of it is to abstract the oily and phlogistic 
parts from the >arn or cloth, whereby it is rendered more fit for acquirmg 
a greater degree of whiteness, and absorbmg the particles of any colourmg 
materials to which it may be exposed The materials for this process are also 
the creatures of chemistry, and some degree of chemical knowledge is reqmsite 
to enable the operator to judge of their goodness Quicklime is prepared by a 
chemical process Potash is a product of the same art, to which also vitriolic 
and all the acids owe their existence The manufacture of soap is also a branch 
of this science All the operations of the whitster, the steepmg, washmg, and 
boilmg m alkalme hxiviums, exposmg to the sun*s hght, scourmg, rubbmg 
and blueing, are chemical operations, or foimded on chemical prmciples 

James Watt, jumor, representmg his father’s mterests m Manchester, 
became the Secretary of the Society m 1790 Among the ongmal members 
were several who, like Priestley, showed an active sympathy with the French 
Jacobins Walker and Jackson, the secretary and president, promoted a 
correspondence with the Club of the Jacobins James Watt and Cooper, 
another member, were delegated to present an address to the Society of the 
Fnends of the Constitution at Pans m 1792. In his Reflecttonsy Burke alludes 
to this event obhquely with characteristic violence 

The most important figures associated with the early history of the society 
were William Henry and John Dalton* The name of Henry, who pubhshed 
a system of chemistry which had passed through eleven editions by 1809, is 
associated with the i^e governing the relation of the pressure to the solu- 
bihty of a gas. Henry’s law states that the mass of gas dissolved m a hqmd 
at fixed temperature is directly proportional to the external pressure of the 
gas. If the gas in contact with the flmd is a mixture each consutuent exercises 
Its own ^‘partial” pressure (Fig. 282). For instance, water m contact with 
air at a pressure of five atmospheres dissolves the same mass of oxygen as 
water m contact with pure oxygen at atmospheric pressure, since air is a 
mixture of foux-^fifths mtrogen and one-fifth oxygen by volume. 

p 
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Dalton’s New System of Chemical Philosophy (1808) is a landmark m the 
history of science The editor of the Manchester memoirs nghtly remarks 
that It placed him among ‘‘that great race of thinkers which mcludes many of 
the finest names from Leucippus and Epicurus to Lucretius and onwards to 
Newton and Modem Saence ” He it was who first saw a significant connexion 
between the known laws of chemical combmation and a particular theory of 
matter Thereafter the progress of chemical science is largely associated with 
the Atomic view. 

The atomic theory of Dalton and his successors v^as fundamentally distmct 
from the speculations of the Greek materiahsts and the chemists of Newton’s 
generation It was primarily concerned with the quantity of the mgredients 
used m chenucal combmation Durmg the period of mcubation which mter- 
vened between the recogmtion of a third state of matter m manifold dxstmct 
forms and the rapid progress of chemistry m the nmeteenth century, gentle- 
men of leisure, apothecaries, and others, had added much to facts already 
known about what kmds of substances combme to form others There were 
as yet no general rules of quahtative combmauon to direct chenucal in- 
dustry Still less could chemical saence provide it with gmdance of another 
kmd In cheimcal manufacture it is not enough to know what mgredients 
to use It is equally important to know m what quantiues to use them and 
m what circumstances the best 3nLeld is obtamed 


LAW OF COA4BINATION BY WEIGHT 

Two new classes of discoveries made durmg the last decade of the eighteenth 
and the first decade of the nmeteenth century paved the way for the new 
doctrme. One is embodied m the law of combmation by weight, and the 
other m the law of combmation by volume The law of combmation by weight 
embodies several distmct contributions, of which the earhest has already 
been mentioned The researches of Black and Lavoisier had made the balance 
an essential part of the chemist’s equipment, and had foreshadowed the 
prmaple that the same substances combme m constant numencal pro- 
portions by weight to form a particular compound The discovery of constant 
proportion m chemical combmation was followed by the recogmtion of definite 
regulanti^ m, and resemblances between, the proportions of mgredients m 
related compounds The two most important of these are concerned with the 
proportions m which the same elements combme to form more than one 
different substance and the proportions m which different elements combine 
with the same element to form compounds 

What is called the prmciple of fmdttple''propoTtwns is the statement that 
when one substance unites with another to form more than one compound, 
the proportions m the different compounds which may be formed from the 
umon of the same substances exhibit a simple numencal ndatioru This may 
be illustrated by the composition of the oxides of earbon and mtarogen 

Carbon may unite with oxygen to form two cfafeent omxpomds. One 
which 18 formed by burning carbon m excess of car vs ihe cation dioxide 
present m the air we breathe out If carbon dicende is poeead xiyee heated 
carbon a colourless mflammable gas is formed. This is UOt absorbed 
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appreaably by bine So it can be easily separated from unchanged carbon 
dioxide to compare its weight with that of the carbon which is used up m the 
process Carbon monoxide has the pecuhanty of expelling oxygen from 
combmation with the red pigment (haemoglobm) of our blood, mafang it 
useless as an oxygen earner to the tissues On this account it is highly 
poisonous, and its presence m coal gas makes the latter dangerous m quantities 
too small of themselves to produce mere suffocation It is thus quite distmct 
from carbon dioxide m its properties, and the proportion of carbon and oxygen 
contamed m it is easily found by comparmg the weight of carbon dioxide 
used up with the weight of carbon required to convert a fixed amoimt of it 
mto carbon monoxide One way of domg this is to heat a known weight of 
carbon dioxide m a closed tube with a known weight of carbon At the end of 
the experiment the gas is blown mto hme The amount of chalk produced 
tells us how much carbon dioxide is left (see p 417), and therefore how much 
has disappeared The final weight of the carbon tells us how much carbon has 
disappeared m combining with the carbon dioxide which has also disappeared 
A simpler method is to bum a known weight of carbon monoxide m air The 
only new substance produced is carbon dioxide, the weight of which can be 
got by absorbmg it with lime water (or other alkah) The difference between 
the weight of carbon dioxide formed and the weight of carbon monoxide 
tells us how much more oxygen a given weight of carbon dioxide contains 
We thus find that 11 grams of carbon dioxide contam 3 of carbon, while 7 
grams of carbon monoxide contam 3 of carbon Thus 3 grams of carbon are 
combmed with 8 grams of oxygen m carbon dioxide and with 4 grams of 
oxygen m carbon monoxide For an equal quanuty of carbon m each there is 
twice as much oxygen m carbon dioxide as m carbon monoxide 

Nitrogen forms several different compoimds with oxygen m different pro- 
portions One of these which comes off when ammomum mtrate is heated 
was called by Priestley ‘Uaughmg gas,” and is now a familiar dental anaes- 
thetic Its composition was discovered by Davy It is quite colourless and has 
the peculiarity of supportmg combustion, like oxygen itself i e thmgs which 
bum easily m air will also bum m laughmg gas Another oxide of mtrogen 
(mtne oxide) is formed when dilute mtric acid is poured on to copper It also 
is colourless, but produces brown fumes when mixed with air, is poisonous, 
and does not support combustion The oxides of mtrogen are decomposed 
when passed over red-hot copper, which rakes up the oxygen contamed m 
the gas with formation of copper oxide and mtrogen By weighmg the quanti- 
ties of mtrogen and copper oxide formed we can ascertam the proportions 
of oxygen and mtrogen m the oxide In 11 grams of nitrous oxide or laughing 
gas there are 4 grams of oxygen Hence 7 grams of mtrogen are combmed 
with 4 grams of oxygen In 15 grams of mtnc oxide there are 8 grams of 
oxygen Hence 7 grams of mtrogen are combmed with 8 grams. Thus the 
amount of oxygen combined with 7 grams of mtrogen m mtric oxide is twice 
as great as m mtrous oxide. 

The significance of this rule is easy to visuahze, when we picture pure 
substances as if they were made up of discrete particles, each with a defimte 
weight diaractenstic of the substance itself The simple ratios that we find 
when we compare the proportions of different mgreients which make up 
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different substances containing the same constituents^ are simply explamed 
if we reject the self-evident conclusion that matter is homogeneous, and choose 
the h 3 rpothesis that each particle of a pure substance is made up of one and 
the same whole number of elementary particles We can then picture each 
particle of a compound substance as tie imion of a hsed number of each of 
the elementary particles from which it is made (Fig 254) 

Such models also suggest the truth of another rule called the prmciple of 
reciprocal proportions It was experimentally established about the same time 
as the prmaple of multiple proportions Suppose A and B combme to form a 
compound AB, that B and C combme to form a compound BC, and that 
A and C combme to form a compound AC If the particular proportions m 
which A, B, and C combme are due to the fixed weight of the particles of 
which they are made up, we should also expect to find a simple numerical 
coimexion between the combining ratios of A and B, B and C, C and A 

It IS easier to see clearly what this means by exammmg an actual example 
such as the composition of three compounds of the elements hydrogen, 
cfurbon, and oxygen Hydrogen forms with carbon a gaseous compound 
wToich is the prmapal combustible constituent, other than hydrogen itself, 
m coal gas It is called marsh gas or methane Methane is exuded &om 
decomposition of orgamc material m stagnant water, sometimes igmtmg to 
form marsh fire or will o* the wisp In 4 grams of marsh gas 3 grams of 
carbon are combmed with 1 gram of hydrogen. In water, which is an oxide of 
hydrogen, 8 grams of oxygen are combmed with 1 gram of hydrogen. In 
carbon dioxide 8 grams of oxygen are combmed with 3 grams of carbon 

All the facts which are illustrated by the examples given may be com- 
bmed m a smgle rule of combmation by weight If we take some element as 
our standard, e g hydrogen, and compare the weights of other elements 
which combme with one another, we find that they are generally simple 
multiples or submuluples of the ratios of the weights,* m which they 
respectively combme with 1 gram of hydrogen The table which follows 
illustrates the regularity of these combining ratios by reference to the com- 
pounds already mentioned and certam others which are all articles of 
commerce 

LAW OF COMBINATION BY VOLUME 

If each particle of a compound is made up of a fixed number of elementary 
particles each with a fixed weight, the simple numerical ratios of chemical 
combmation by weight find a sunple explanation Still the facts which cstab- 
hsh the law of combmation by weight do not tell us the relative weights of 
the particles mvolved m chemical reactions This is illustrated m Fig 264, 
We might equally well explam the combining proportions of oxygen and 
carbon by saymg cither (a) the weights of a particle of oxygen and a particle 
of carbon are m the ratio 8 3, one particle of each being present m carbon 
dioxide and two particles of carbon combmed with one oxygen in carbon 
monoxide, or (6) the weights of a pamde of oxygen and carbon are in the 

* The weight of an element which will combine with, or take the ptooe ofc one gram 
of hjrdrogen is called its combtmng zxmght or 
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ratio 16 12 (or 4 * 3), one particle of each being present in a particle of 

carbon monoxide and two particles of oxygen combmed with one of carbon 
m carbon dioxide 

A clearer picture of the structure of compounds is got by studymg the 
way m which gases combme by volume The law of combmaaon by volume 
IS that when gases combme to form other gases the volume of each of the 
products IS a simple fraction or multiple of the volumes which react to produce 
them This rule, discovered by Gay-Lussac m 1808, is only true if all the 
volumes are measured at the same temperature and pressure or so calculated 
by usmg the gas laws of Boyle and Charles If we mix 100 c c of hydrogen 
with 150 c c of chlorine m sunhght^ the two gases combine to form hydio- 
chloric acid gas The total volume of gas after combmation is 250 c c On 


Carioti dtoocvic Carbati monoxtic. 



Fig 254 

Atoiutc models to illustrate same percentage composition by Weight 


removmg the hydrochlonc acid gas (which is much more soluble than pure 
chlonne) the volume shrinks to 50 c c This remamder is pure chlorme Thus 
100 c c of hydrogen have combmed with 100 c c of chlorme to produce 
200 c c of hydrochlonc acid gas. If an electnc spark is passed through a 
mixture of hydrogen and oxygen at a temperature above tlie boihng point 
of water, water vapour (steam) is produced. If 100 c c of hydrogen are 
mixed with 100 c c of oxygen the final volume of gas is 150 c c If the water 
vapour is absorbed by some “dehydrating agent” 50 c c of gas (oxygen) are 
left Thus 100 c c of hydrogen combme with 50 c c. of oxygen to make 
100 c c. of steam 

The meaning of this simple relation was at first puzzlmg, because it was 
taken for granted that the mdividual particles of ea<i dement present m the 
particles of a compound were quite separate m an element. This is not m- 
trmsically likely for a simple reason When we say that charcoal and diamond 
are different forms of the element carbon, we mean that both bum m air 
to form, weight for weight, the same quantity of the same substance, carbon 
dioxide, and nothing dse. Both charcx>a! ai^ diainond (also soot and the 
graphite of our pencils) are therefore built up of the Same dtematary par- 
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tides The fact remains that they are not identical An elementary gas can also 
exist m two forms When electric sparks are passed thiough oxygen, its volume 
shrinks somewhat It becomes more dense. If the denser mixtiire is shaken 
with turpentme, it shrinks farther, and what is left has the same density as 
ordinary oxygen The ongmal volume of oxygen present before sparkmg and 
extraction with tnrpentme combmes with more carbon, and with more 
magnesium, than does the residual gas which has the same density as ordinary 
oxygen Sparked oxygen is thus a mixture of two things, ordinary oxygen and 
turpentme-soluble oxygen, which is called ozone If the ozone is expelled 
from turpentme, it combmes with magnesium or with carbon to form the 
ordmary oxides of these elements Thus oxygen and ozone are made up 
of the same elementary particles. If the atomic view is correct there is only 
one way m which they can differ The particles of an element must be com- 
pounds of several elementary partides like those of a compound 

The particles of a compound are built up of elementary particles which 
are not all ahke Likewise the particles of an dement are built of smaller 
partides which are aU the same Smce the number (and arrangement) of these 
smaller particles may conceivably be different, we need not be surprised if 
we meet a chemical dement m more than one disguise Once we have drawn 
a distmction between complex particles or molecules and elementary partides 
or atoms mto which molecules break up durmg a chemical reaction to com- 
bme m some new way, the law of combmation by volume fits mto the atomic 
scheme According to our hypothesis the weight of a molecule of a given 
kmd IS fixed The volume occupied by a given weight of gas therefore depends 
on the number of molecules of which it is composed If there is a simple 
relation between the volumes of combining gases, there must therefore be a 
simple relation between the number of molecules m the same volume of 
different gases A relation which fits all the facts is the most straightforward 
one, first put forward by Avogadro m 1811 Avogadro^s explanation was 
that equal volumes of all gases measured at the same temperature and pressure 
contain the same number of molecules Its acceptabihty does not depend upon 
bemg the only conceivable mterpretation of the observed facts about the 
combination of gases We accept it for two reasons, one is that after long trial, 
durmg which many chemists remamed judiciously sceptical, it has been 
foimd to weld all the known facts of chemical combination into a very simple 
scheme The usefulness of this scheme will appear when we see how it is 
apphed Another reason for acceptmg it depend on the physical properties 
of gasesi This will be explamed later (p. 479), 

According to Avogadm’s hypothesis, equal volumes of hydrogen, oxygen, 
and water vapour, at the same temperature, have the same number (x) of 
molecules. Hence if 100 c c of steam is made up of 100 c c, of hydrogen and 
50 cc, of oxygen, x molecules of oxjg&i combine with 2x molecules of 
hydrogen to m^e 2x molecules of steam. So 2 molecules of steam must be 
made fix»m the reaction of two molecules of hydrogen with one molecule of 
oxygen This means that one molecule of oxygen goes to the makmg of two 
molecules of steam, each containing at least one atom of oxygen One mole- 
cule of oxygen must therefore contain at least two atoms Again, smce 100 cx 
of hydrogen and 100 c c. of cblorme combme to 200 c c of hydrochloric 
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aad gaSj one molecule of hydrogen and one molecule of chlorine react to 
form two molecules of hydrochloric acid gas Hence a molecule of hydrogen 
or of chlorme must contam two (or some other even number of) atoms Oaygen 
IS sixteen times as dense as hydrogen, and steam is mne times as dense If we 
take the simplest view, which is only justified by the fact that it works, a 
molecule of hydrogen consists of two atoms So if a molecule of steam is mn^ 
times as heavy as a molecule of hydrogen it is eighteen times as heavy as an 
atom of hydrogen This ratio, the weight of a molecule compared with the 
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Atormc^models to illustrate Law of Combination of Gases by Volume 

weight of an atom of hydrogen, is called the molecular weight of the substance 
So the molecular weight of steam is said to be 18 

The relation between molecular weight and relative density, when hydrogen 
IS the standard, can also fee stated m a symbohc form which will be useful 
later If a smgle molecule of a gaseous compound weighs Ai times as much as a 
hydrogen atom, M is called its molecular weight As a workmg hypothesis we 
assume that hydrogen has two atoms in each of its molecules. So, if an atom of 
hydrogen weighs m grams, a mdecule of hydrogen weighs 2m grams, and a 
molecule of the gaseous compound weighs Mm grams, Accordmg to Avogadro 
1 htre of hydrogen contains the same number (?c) of molecules as 1 htre of 
^e gaseous compound at the same temperature and pressure^ So the weight 
(w) of 1 litre of hydrogen is 2mx^ i e mx =» iw, and the weight (W) of I 
litre of the gaseous compound is Mmx Hence W «« JMw, that is to say 




The Atoms of Democritus 457 

M = 2 (W — w) The ratio W — - w is the relative density of the gaseous 
compound when the standard is hydrogen It is usually called its vapour 
density The molecular weight of a gaseous compound is thus the same as 
twice Its vapow density The vapour density of marsh gas or methane is 8 
So Its molecular weight is sixteen 

Similarly the molecular weight of oxygen is 32 Takmg once more the 
simplest view, we may say that the weight of an atom of oxygen is 16 times the 
weight of an atom of hydrogen This number is called the atomic weight of 
oxygen Chlonne is 35 5 times as dense as hydrogen So its molecular weight 
IS 70, and if its molecule contams 2 atoms, its atomic weight is 35 5 

In the last paragraph we assumed that the molecule of oxygen and the 
molecule of chlorme are both built up of two atoms All we know is that if 
the atomic view is correct each must be built up of some even number of 
atoms The only mitial assumption we really need to make is that the hydrogen 
atom IS diatomic The molecular weight of any gaseous compound is then 
twice the ratio of its density to that of hydrogen The weight of the molecule 
of a substance of molecular weight W is the weight of W atoms of hydrogen 
Likewise the weight of an atom of an element whose atomic weight is A 
IS the weight of A atoms of hydrogen So if there are x atoms of this element 
m a compound of molecular weight W, it contributes a weight equivalent 
to ^A atoms of hydrogen to the total weight correspondmg to W atoms of 
hydrogen That is to say, the proportion (p) by weight m every molecule 
is xK W, whence pW = xA The smallest number (x) of atoms of an 
element which could occur m the molecule of any of its compounds is 1, m 
which case pW == A This means that the atomic weight is the smallest value 
of the product of the molecular weight and the proportion of an element 
m the same compound So we can check the provisional value of 16 assigned 
to oxygen by an mdependent method, which mvolves making a table like 
the foUowmg, in which the proportions of oxygen are determmed by analysis 


Oxide 

D« asity ccKcripar«‘d 
with Hjjdrogen 

Molecular 
Weight W 

Proportion of 
Oxygen by 
Weight p 

Wi ight of 
Oxygen in 
one Mol xA 
(-J&W) 

Carbon monoxide 

14 

28 


16 

Carbon dioxide 

22 

44 

A 

32 

Sulphur dioxide 

32 

64 

h 

32 

Water 

9 

IS 

8 

8 

16 

Nitrous oxide 

22 

44 

’A" 

16 

Nitnc acid 

31 5 

63 

18 

2 1 

48 

Sulphuric acid 

49 

98 

if 

64 


We always find that if W is the molecular weight of any one of the thousands 
of oxygen compounds known, the number of grams of oxygen m W grams 
IS either 16 or some multiple of 16 (i e x times 16), never less We therefore 
conclude that A ^ 16 Thus if the molecule of hydrogen contams two atoms^ 
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the atom of oxygen weighs 10 times as much as the hydrogen atom This 
method can be used for findmg^the atomic weight of any element 

To make sure that this is clear we may retrace our steps^ usmg the symbolism 
already apphed to the relation between molecular weight and vapour density 
If a smgle atom of an element weighs A times as much as an atom of hydrogen, 
A IS called its atomic weight So if one hydrogen atom weighs m giams, one 
atom of the element weighs Am grams If there are n atoms of the element m 
one of its compounds^ the total weight of the element m one molecule of the 
same compound is Amtiy and if the molecular weight of the compound is A4, the 
mass of a smgle molecule is Mm Hence the proportion (j>) by mass of the element 
m a smgle molecule of its compoimd is Amn — Mm^ and p M = w A If all the 
molecules of a gaseous compound are alike^ the mass proportion of an element 
m one molecule of its compound is the same as the mass proporuon of the 
element m any quantity which can be measured and analysed If we take M 
grams (called one mol) of the compound^ the mass of the element piesent m it 
must be pM, which is nA So nA is the number of grams of the element in one mol 
of one of Its compounds Among the compounds of an element some will have 
molecules with I 3 some with 2 , some with 3, and some with more, atoms of the 
element The smallest value of n is therefore 1 If one molecule of a compound 
contains one atom of an element whose atomic weight is A, one mol of the 
compoimd will contam A grams of the element Unless the element never forms 
compounds m which only one atom of it is present m each molecule, A is the 
least number of grams of the element contamed m one mol of any of its compounds 
Even if none of the known compounds of an element is made up of molecules 
which only contam one of its atoms, the correct atomic weight can usually be 
inferred Suppose the only known oxygen compounds were sulphuric acid, 
mtnc acid, and carbon dioxide We should then get the following values tor 
nA 64, 48, and 32 Since 48 is one and a half times 32, we cannot give oxygen 
an atomic weight of 32 If we did, we should have to make n — 1 J m nitric 
oxide Since we have constructed our molecular model on the assumption that 
It must contain a whole number of atoms, the atoimc weight of oxygen cannot be 
greater than 16 

We are now m a position to make a more defimte picture of how a molecule 
IS built up We may illustrate this by a rhyme which you may have heard 

Alas poor James is dead 

We see his face no more. 

For what he thought was II 2 O 

Was H 2 SO 

The molecular weight of water vapour is 18* The atoimc weight of hydrogen 
which IS taken as our standard is 1. That of oxygen is 16. So the molecule 
of water is built up of two atoms of hydrogen and one of oxygen. This fits 
the facts of combmation by weight and volume. By weight 9 grams of steam 
contam 8 of oxygen and 1 of hydrogen By volume 2 of hydrogen unite with 
one of oxygen to make one of steam The d^iiy of sulphuric aad which is 
the substance referred to m the last Ime of the quatrain is 49 times as great 
as that of hydrogen Its molecular weight is therefore taken to be 98 It only 
contains the elements hydrogen, sulphur, and oxygen. Hence wc rosy say 
that if a molecyle of sulphuric aad is built up fiom n molecules of hydrogen^ 
m molecules or sulphur and I molecules of oxygen: 
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n times the atomic weight of hydrogen = number of grains of 
hydrogen m 98 grams of sulphunc acid 

(&) m times the atomic weight of sulphur == npmber of grams of sulphur 
in 98 grams of sulphuric acid 

(c) I times the atomic weight of oxygen number of grams of oxygen 
m 98 grams of sulphunc aad 

Analysis shows that the hydrogen content is approximately 2 per cent or 
2 grams m every 98 grams Smce n times the atomic weight of hydrogen 
IS 2, and the atomic weight of hydrogen is 1, w itself is 2 The sulphur content 
IS 32 7 per cent or 32 grams m every 98 grams Smce the atoimc weight of 
sulphur is 32, m times 32 is 32, whence w == 1 The oxygen content is 65 3 
per cent or 64 grams m every 98 Smce the atomic weight of oxygen is I63 
/ times 16 is 64, 1 e / = 4 Thus the molecule of sulphunc acid is said to be 
made up of 2 atoms of hydrogen, one of sulphur and 4 of oxygen This is 
bnefly mdicated by the formula H2SO4 

In such formulae some of the commoner elements are represented by the 
mitial letters of the Enghsh names, and others, to avoid duphcanon, by 
Latm or Arabic names Thus carbon dioxide is CO^, carbon monoxide CO^ 
mtrous oxide NgO Sodium is represented by the s3mibol Na (short for 
Natnum) and Potassium by the symbol K (short for Kahum from kah a$hes)y 
caustic soda (sodium hydroxide) and caustic potash (potassium hydroxide) 
bemg NaOH and KOH respectively Here is a table of the atomic weights 
of the elements already mentioned and of a few additional ones"^ 


Hydrogen 

H 

1 01 

Iron 

Fe 

65 8 

Hehum 

He 

4 

Nickel 

Ni 

68 7 

Lithium 

Li 

6 94 

Cobalt 

Co 

58 9 

Berylhum 

Be 

9 02 

Copper 

Cu 

63 6 

Boron 

B 

10 8 

Zmc 

Zn 

65 4 

Carbon 

C 

12 

Arsemc 

As 

74 9 

Nitrogen 

N 

U 

Bromme 

Br 

79 9 

Oxygen 

0 

16 

Strontium 

Sr 

87 6 

Fluorme 

F 

19 

Silver 

Ag 

108 

Neon 

Ne 

20 2 

Cadmium 

Cd 

112 

Sodium 

Na 

23 

Tm 

Sn 

119 

Magnesium 

Mg 

24 3 

Antimony 

Sb 

122 

Alumimum 

A1 

27 

lodme 

I 

127 

Silicon 

Si 

28 1 

Barium 

Ba 

137 

Phosphorus 

P 

31 

Tantalum 

Ta 

181 

Sulphur 

S 

32 1 

Tungsten 

W 

184 

Chlorine 

Cl 

35 5 

Platmum 

Pt 

196 

Potassium 

K 

39 1 

Gold 

Au 

197 

Argon 

A 

39 9 

Lead 

Pb 

207 

Calcium 

Ca 

40 1 

Bismuth 

Bi 

209 

Chromium 

Cr 

62 

Radium 

Ra 

226 

Manganese 

Mn 

54 9 

Uranium 

U 

238 


* The values given are correct to three significant figures The weight of an atom 
of oxygen is not exactly 16 tunes the weight of an atom of hydrogen Since hydrogen 
compounds of the elements are less common or suitable than oxides for determina- 
tion of atomic weights, oxygen is now given the standard value of 16 The atomic 
weight of hydrogen (correct to four figures) is then 1 008 
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USEFXJLNESS OF THE ATOMIC VIEW 

We shall have plenty of opportunities at a later stage to show why the 
atomic view is useful Here we may esamme only three of its uses The 
first raises an issue which has not emerged in any of our previous discussions 
of the nature of scientific method Scientific method cannot be kept m the 
strait-jacket of any simple defimtion One way of defining saence is to 
say that it is an mventory of the furmture of nature The essence of a good 
mventory is that you should be able to turn up the information which you 
want quickly So one aspect of saentific knowledge is classification It is a 
very important aspect of those branches of saentific knowledge which deal 
with a great variety of objects, as, for instance, chemistry, biology, and 
sociology 

Saentific classification mvolves making new words or symbols for objects 
These new words have two uses The first is to convey as much relevant 
information as possible, and the second is to avoid confiismg different 
things or mtroducing irrelevant associations Students of soaal questions 
would do well to ponder on the immense debt which chemistry and biology 
owe to the dehberate mvention of new symbols which have this characteristic. 
They are often referred to contonptuously as jargon, especially by the sort 
of people who think it is tremendously important to be able to place Francesca 
da Rimini or repeat the correct tags for ohjets d^art 

Compare with its atomic label H2SO4 the medieval name for sulphunc 
aad, oil of vitnol If you are a classical scholar the latter suggests that it 
has some connexion with or similarity to glass This is not true The only 
other thing you are likely to recall]j|when the word is'used is that ladies 
sometimes t^ow vitnol at one another Contrast this with the information 
which IS conveyed by the formula H2SO4 To b^m with, it tells you from 
what elements sulphunc aad is built up If you have a table of atomic weights. 
It also tells you m what propornon by waght they are present m it. Smce 
the atonuc waghts of the common elements ate easy to ronember, a table 
IS rarely necessary. 'When you know a htde more about other compounds it 
tdls you much about the way m which their properties and preparation are 
mterconnected The words alabaster and Epsom salts suggest no f^oimf^gion 
with vitnol The formula CaSO^ and MgSO^ at once direct your attention 
to the fact that the first (which m combmanon wilh water is alabaster) and 
the second (which m combmanon with water is Epsom salts) both have the 
same cluster of atoms or radicle^ as chemists say, i e SO4, present m oil of 
vitnol 

In one this radide is combmed with the metal cnlnntn and m the other 
with the metal magnesium When hydrogen takes the place of a metal m 
assooanon with such a cluster of atoms the compound is an aad. The 
den'ranves of an aad or scdis can sometimes be formed, as in this 
by direct acnon of the aad on the metal They can also be by dis- 

solvmg a metalhc oxide, the hydroxide of a metal, or a mefaUic m 

the aad If we know that chalk is CaCOj, i.e it has the CX)* wdid*? of all 
carbonates, or that qmckhme is CaO, 1 e it is the oxide of ot foat 

slaked lime is Ca(OH)j, 1 e. it is the hydroxide (alkhli) of know 
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that any one of these substances wjJl combine with sulphuric acid to produce 
calcium sulphate This is not merely an economy of effort It also stands for a 
social achievement Chalky lime, oil of vitnol^ alabaster^ and Epsom saits> are 
just names of objects w^ch occur m nature or can be made by some rule 
of thumb method from some special constituents which exist m some par- 
ticular place Write their names m the new symbols, and you exhibit all sorts 
of ways of makmg them from all sorts of materials It may be that some of 
them will be foxmd available almost an3rwhere They have ceased to be mere 
articles of consumption and have become mstruments of production 

There are several other mterestmg items of information contamed m the 
formula H2SO4 As already explained, analysis of salts formed when acids 
attack metals or dissolve their oxides, etc , shows that a salt is a compoimd m 
which an atom of metal takes the place of one, two, or more, atoms of hydrogen 
Sulphunc aad has two atoms of hydrogen m each molecule One or both can 
be replaced Thus we can have two salts formed by the combmation of 
sulphunc acid and caustic soda (NaOH) sodium hydrogen sulphate NaHS04, 
and disodium sulphate Na2S04 Simil^ly carbomc acid (HgCOg) formed by 
dissolving carbon dioxide m water forms two sodium salts, sodium bicarbonate 
(sodium hydrogen carbonate) or baking powder (NaHCOs), and sodium 
carbonate (di-sodium carbonate) or Na2C03 which is anhydrous washing 
soda On heatmg it, bakmg powder gives up carbon dioxide and water vapour 
becoming washmg soda The bubbles of gas (carbon dioxide), also produced 
by the respiration of the yeast organism, can be used to “raise” bread, etc 
They get impnsoned m the dough and thus give it the spongy texture required 
for culinary purposes The way m which this happens may be represented m 
s3mibohc form by what is called a chemical equation thus 

2 NaHC 03 NajCOg + HgO + COg 

This means that when sodium bicarbonate breaks up, one molecule of water 
and one molecule of carbon dioxide gas are formed with each new molecule 
of sodium carbonate In pastry the taste of the washmg soda is disgmsed 
by sugar and other mgredients For bread which is not specially flavoured 
yeast is preferred as a gas generator* 

If we have foimd the atomic weight of calcium, as explamed on p 457 , 
analysis shows that a possible formula for calcium sulphate is CaS04, and a 
corresponding one for sodium sulphate (disodium sulphate) is Na2S04 So 
likewise chalk or calcium carbonate may be wntten as CaC03, and washmg 
soda as Na2C03. Correspondmg to a bisulphate (or hydrogen sulphate) and 
a bicarbonate (or hydrogen carbonate) of sodium there are salts of calcium 
Calaum bicarlxmate is represented by the formula Ca(3EIC03)2 One atom of 
sodium takes the place of one atom of hydrogen, and one atom of calcium 
takes the place of two atoms of hydrogen On this account sodium is said to 
have a valency of 1 and calcium of 2 3 

Unlike calaum carbonate (chalk), calaum bicarbonate is fairly soluble It 
is present m very appreciable quantities m the natural waters of chalky 
soib. When boiled it bdiaves like bakmg soda, as represented by the chemici 
“equation*^ 

Ca(HC 03 )ji CaCOa + HjO + CO* 
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Thus It IS turned into chalk which is not soluble Soluble calcium salts umte 
with soaps which are sodium (hard) or potassium (soft) salts of cenam acids 
derived from fats and oils Calcium replaces sodium (or potassium) to form 
an insoluble salt “curds If the calcium is present m the form of bicarbonate 
It may be removed by simply boihng the water This is one reason for 
boihng water brfbre shavmg “Hard** water is sometimes hard because it 
contams calcium sulphate which is not precipitated^ 1 e thrown out of solu- 
tion, by boiling Calcium sulphate will react with any soluble carbonate to 
form the msoluble calcium carbonate and the sulphate of the other metal 
That IS why we use washmg soda The reaction proceeds accordmg to the 
chemical equation 

NagCOa + CaS04->CaC08 + Na^SO^ 

We have not nearly exhausted the information contamed m an atomic 
formula If you teU me that something is common salt (which is mostly 
sodium chlonde), I may recall the bibhcal assertion that a virtuous woman 
without discretion is hke an egg without salt, or maybe one or two other 
thing s None of them tells me how to go out and look for it, or to recogmze 
it except by a taste which is by no means pecuhar to it When you say that 
a substance is NaCl, I infer that it is built up of the two elements sodium 
and chlorme, that it is a salt of hydrochloric aad and could therefore be 
made by dissolvmg was hin g soda in “spirits of salt Because nearly all 
sodium salts are soluble and nearly all chlorides are soluble, I can conclude 
that It almost certainly dissolves readily m water. 

I can also infer that its presence can be detected by applymg the tests for 
identifying the element sodium, and the tests for identifying any soluble 
chlonde All sodium compoimds colour a flame bnght yellow Among the 
few insoluble chlorides is silver chlonde, which is hght-sensitive, darkening 
on exposure to sunhght If a soluble silver salt (e g silver mtrate) is added 
to a soluble chlonde m solution the insoluble silver chlonde is precipitated 
as a flocculent mass which darkens in sunlight So 1 know that a drop of 
silver nitrate solution added to a solution of sodium chlonde will produce 
this result Consider another salt Call it potash fertilizer, and I only know 
that It IS used for sods deficient m the element potassium which is essential 
to plant life Call it K2SO4 and I know how to detect it. Like all potassium 
compounds, it will tint a non-Iummous flame with a violet hue. The element 
barium, which is closely related to calcium, and like it has a valency of 2, 
forms an extremely msoluble sulphate which is preapitatcd from any solution 
of a soluble sulphate as a very heavy white powder when a soluble compound 
of banum hke banum chlonde is added Potassium sulphate 1$ recognized as 
a potassium salt by the flame test and as a sulphate by addmg a soluble 
barium compound m solution. The ensuing reaction may then be written: 

K2SO4 4 - BaC4 2Ka + BaSO^ 

Our formula thus enables us to xioake a rapid oonsqpectus of a very large 
number of otherwise unrelated fiicts about how to prepare and how to 
recogmze or search for a substance. Much more than this ts involved. The 
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atomic formula is a reape for the assay of a substance Once chemical manu- 
facture began to develop, the purity of the matenal sold required a guarantee 
Under the old economy of natural products the guarantee of punty was the 
source from v^hich the matenal was obtained Thus Castille soap was soap 
of speaal excellence The atomic theory reduced the whole techmque of 
estimatmg the punty of compounds to a system so simple that you need to 
know very few facts to find out how much you have got, if you also know the 
formula of a substance 

To make this clear we will suppose that we have a mixture of washing 
soda and potash ferdhzer and want to know how much of feach a weighed 
quantity of the mixture contams We imght then proceed m one of two 
ways, or combme both to check one another We first dissolve a weighed 
quantity m a known volume of water, and hence know the weight of mixture 
mice of the solution Should we deade to estimate the washmg soda, 
one simple way depends on the fact that carbonates will neutralize nearly all 
acids Nearly all aads decompose them, makmg them effervesce, owmg to 
the hberation of carbon dioxide For msiance, the effervescence of sherbet 
IS due to the admixture of tartaric aad crystals with bakmg soda and sugar 
When the aad dissolves, it sets free CO^ formmg sodium tartrate 

If, therefore, we add a measured quantity of hydrochlonc aad solution 
of known strength to a measured quantity of the mixture we shall break 
up the washmg soda (sodium carbonate), usmg up a correspondmg quantity 
of hydrochloric aad to form sodium chloride The atomic formula tells us 
what the correspondmg quantity is, i e what weight of washmg soda neutra- 
lizes what wei^t of dissolved hydrochlonc aad gas 

What weight of hydrochlonc aad is neutralized is easily determmed m 
the followmg way From a burette (p 144) we add a solution of caustic soda 
which turns htmus dye blue to a known quantity of aad solution, made 
red by addition of a httle htmus solution If we add the soda drop by drop 
we reach a pomt where one drop just turns the colour from red to blue At 
this pomt all the hydrochlonc aad is used up to form sodium chloride If it 
takes 12 c c of caustic soda to neutralize 10 c c of our standard aad solution, 

1 c c. of the soda corresponds to five-sixths of a c c of the aad standard We 
may now add the same quantity (10 c c.) of aad to a measured quantity of 
mixture contammg sodium carinate and find that on addmg dye when all 
effervescence has ceased only 8 c c. of soda are required to change the tmt 
Before addmg the soda there must have been five-sixths of 8 c c , i e 6 7 c c*, 
of hydrochloric aad left, and 3 3 c c had been used up to decompose the 
sodium carbonate The aad solution is of known strength, i e a known weight 
of hydrochlonc aad gas has been dissolved m a measured volume of water 
So we know how much of the former is contamed m 3 3 c c The correspond- 
mg amount of carbonate is contamed m the formula Smee sodium chlonde 
has the formula NaCl and sodium exurbonate h^ the formula NagCOs the 
reaction proceeds m this way 

2Ha + NajjCOa 2Naa + H^O -f- COg 

This means that for every molecule of sochum carbonate present two mole- 
cules of hydrochlonc aad arc used up The molecular weight of the latter 
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IS 36 5 (see p 467) The atomic weights of carbon and sodium are given 
in tables prepared by the method e^lamed on pp 457—9 as 23 and 12 respec- 
tively Thus the molecular weight which corresponds to the formula adopted 
for sodium carbonate is 2(23) -f- 12 -f 3(16) = 106 The ratio of the weights 
of two molecules of hydrochloric acid and one molecule of sodium carbonate 
are 2(36 6) 106 Hence, 106 grams of sodium carbonate corresponds to 73 

grams of hydrochloric acid, and if x grams of the latter are used up the amount 
of sodium carbonate present was 106* — 73 grams 

COOL CLEAN CHEMISTRY 

You must not imaging that all the wealth of informauon which is earned 
m a Ringlg atomic formula came mto bemg suddenly Avogadro’s hypothesis 
put forward m 1811 was the master due to a vast jigsaw puzzle Till the end 
of the nmeteenth century many of the pieces remamed out of place The 
atnmig weights ascnbed to some of the elements were twice as large as they 
ought to have been, because compounds with the minimum number (1 e 1) 
of atoms per molecule had not been studied The formulae ascnbed to 
substances which were not known m the gaseous state were largely conjectural, 
and mdeed it does not make any difference for calculation of corresponding 
quanuues m an analysis whether we represent the reaction between caustic 
soda and hydrochlonc aad, the molecular weight of which can be deterrmned 
by direct apphcation of Avogadro’s pnnciple, as 

NaOH + HCl = Naa + HgO 

or (wrongly) as 

Na/OH)a + 2HCI = NagQa 2H^O 

The formulae which we now use depend to a large eztent on the discovery 
of new theoretical prmaples which we shall come to later. Before order finally 
emerged out of chaos, the study of chemistry was acquinng a new impetus 
from the application of new techmque and mstruments, just as astronomy 
had benefited m the seventeenth century from the discovery of the pendulum 
dock, the telescope, and the vermer. 

One of the most striking ihmgs about the progress of diemical techmque 
m the nineteenth century is the wide horizon of human possibihties which it 
disdosed Instead of supetsedmg, it merely enriched the theoretical knowledge 
required to carry on with the old techmque of diemical m anufacture In a 
large measure this is the techmque still used. Consequently we have at our 
disposal for produemg wealth vast stores of knowledge which have never been 
fully ecqiloited. Few of our legislators or social foeonsts even yet realize 
that the pattern of social hfe fashioned by the nse of chemical manufacture 
was m no soose a necessary result of appljong science to human life. The use of 
chemistry was detemuned by the same blmd economic forces which en- 
couraged Its early giowdi with no prescience of the social outcome Meanwhile 
growmg knowle^e was pomnng to the possihihty of a dififerent pattern of 
social hfe Only a few visionaries could see it. Polidctans do nof study science 
gnd scientists are not encouraged to meddle m pohocs. 
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The muluphaty of commodities which resulted from the rise of chemical 
manufacture was accompamed by the mulnphcation of congested urban 
populations hvmg m sooty squalor People became accustomed to regard one 
as contmgent on the other From earhest antiquity towns had been the focus 
of any saentific culture The hypertrophied urban squalor which is now 
beanng fruit m umversal stenhty and the prospect of racial extmction was 
therefore accepted as the pnce we pay for what is called a high standard of 
life The soaal outlook of people who were hostile to innovation identified 
the dark satamc nulls of Blake’s poem with the apphcation of science and 
England’s green and pleasant land with the lack of it The social outlook of 
people who welcomed the prosperity which the new knowledge brought m its 
tram identified the social use of science with the production of an ever- 
mcreasmg muluphaty of commodiues, and accepted urban congesuon as a 
necessary evil These two altemauves sull represent the attitude of the 
majority of people educated m a culture which has no place for studymg the 
soaal backgroimd of saence 

We shall be able to find our way through the jungle of silliness which hes 
behmd this false antithesis when we come to the conquest of power The 
England which Blake loved was a land m which there were wmdmiUs and 
watermills m picturesque and healthy surroimdmgs Vmle people who did 
not as yet think it shameful to bear children were learning to replace the 
slave labour of antiqmty by non-human sources of power 

The use of coal as-a source of power comaded with its introduction as a 
basic necessity for continuing the oldest of all the chemical industries — ^the one 
which ministered especially to the needs of the production of new machin- 
ery From antiqmty we assoaate metallurgical operations with Vulcan’s 
anvil and Etna’s fires Till the final death of the phlogiston doctrme, fire 
reigned supreme as the umversal solvent, the touchstone of chemical processes 
When coal replaced charcoal as the reducmg agent of the furnace, power 
production and metallurgy coalesced m the areas where iron and coal were 
found together The new chemical mdustnes, like synthetic alkahs, foUowmg 
the traditional techmque of the furnace, equ^y rehed on coal as their source 
of the umversal solvent 

Till the beginning of the nineteenth century mankind depended on two 
methods of mdudng cheimcal combination and decomposition One was 
precipitation m solution Concemmg this more will be said later The other 
was heat The mtroduction of coal made dirt a necessary accompaniment of 
heat m chemical mdustry The rapid progress of theoretical cihemistry which 
followed the nse of cheimcal manufacture was largely due to the mtroduction 
of methods which do not demand heat or dirt. Chemistry was becommg 
cleaner and cooler while soaety was getting hotter and dirtier 

Three features of the new techmque of chemical research will now be 
mentioned The first will help us to see that saence is not merely an mstru- 
ment for multiplying commodities to distract neurotic urban populations 
If rationally us^ and socially directed it could be the means of redesigmng 
social life in accordance with fundamental and umversal human needs, as for 
instance the need to bear children if the race is to continue, and the need 
for a httle pnvac^ as a safeguard against umversal msamty 
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{a) Electrolytic Decomposition — Electrical phenomeua might have remained 
almost completely unknown, as they had been for centunes, if they had not 
suddenly become important for a simple reason The toys or electiical 
machmes which had previously been mere cuiiosilies, now became an essential 
part of the chemist’s equipment The early fnctioncd machmes made it 



Electroplating and the decomposition of water by a simple voltaic cell of coppt i ( I ) 
and zme (— ) electrodes Note, hydrogen and metals are deposited on the t leu i ode 
connected with the negauve terminal of the cell In silver-pUtmg a mixture of siKu 
cyanide and potassium cyamde is often used instead oi silver mtrate as n gives a more 
uniform deposit 

possible to bung mto a dosed vessel the spark which mduces hydrogen to 
combme with oxygen One of the first tricks which was carried out with the 
electric battery was the converse operation of decomposing slightly acidified 
water If the two free ends of pieces of wire connected with a battery are 
dipped mto water containing a trace of aad, salt, or alkali, there is a bnsk 
evolution of bubbles Analysis shows that the bubbles from the free end 
connected with the positive pole (anode) of the battery are oxygen Bubbles 
of hydrogen come off from the free end connected with the negative pole 
(kathode) It is easy to collect these bubbles (Fig 256) and thus to show that 
when water decomposes the volume of hydrogen produced is twice as large 
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as the volume of oxygen Thus electricity makes it possible to estabhsh the 
composition of water both by compellmg its constituent elements to combme 
(synt/ 2 esis) and by decomposmg it mto its constituent elements (a?zalysis) 

Further study revealed a very important division of chenucal compounds 
If the free ends of two pieces of wire are placed at the ends of a tube containmg 
pme water a cuirent does not pass along it If some common salt is dissolved 
m the water, the tube conducts a currenc just as if it weie a wire This is not 
true of all soluble substances Alcohol or sugar, for mstance, do not make 
water conduct electricity There is, howevei, a very large class of substances 
(called on that account electrolytes) which make water conduct Acids, soluble 
salts, and alkahs, are electrolytes When a current passes through a solution 
of an electrolyte, the latter ^ways undergoes decomposition The so-called 
decomposition of water by electricity is rather a compheated process resultmg 
from the break up of the acid, etc , added lo make the water conduct, and the 
reaction of the products of decomposition on the w atei itself 

Generally speaking, wnih weak solutions this is all mat is obvious Thus a 
very weak soluuon of table salt will electrolyse with the production of 
hydrogen and oxygen On the other hand electrolysis of a very strong solution 
with a strong current will be accompamed by vigoions evolution of chlorme 
gas, which was first discovered m this way to be an element The year 1807 
may well rank as one of far greater importance to mankmd than the year 
1815 which we aU remember Davy then discovered that if a strong current is 
applied to a moist electrolyte it first melts, conducts electriaty weU, and 
decomposes m the process He used sohd caustic soda and caustic potash 
and found that m each case a new metal collected aroimd the negative 
pole 

These two new metals — sodium and potassium — ^are essenual elements of 
two of the oldest mgredients — salt and pot ashes — of a chemical economy 
which had persisted from the Neohthic The discovery of calaum from the 
electiolysis of its compounds which had been used m the manufacture of 
glass, the curmg of leather, and the preparation of cement from remote 
antiqmty, followed shortly after All three metals had stubbornly refused to 
3 neld to the universal solvent of the Iron and Copper Age metallurgies Their 
discovery announced the existence of a new agency m man’s social life — ^the 
hght metals, which cannot be separated by the traditional method of the 
blast furnace T wo things about these new hght metals are specially important 
One IS that although they remamed undiscovered so long, they mclude all the 
most abundant metals m the earth’s superfiaal crust as far down as we can 
penetrate it Livmg as we do m the twihght of the Iron Age, most of us think 
of iron as a very common metal, perhaps as the most common of the metals 
This is wrong, as you will see at once when you stop to think about how much 
salt there is m the sea, or how much chalk m the cliffs 

Neither sodium nor calaum could replace iron for soaal use Both metals 
oxidize rapidly m air;» and combme with water to form their hydroxides, 
hberating hydrogen wtuch catches fire The reaction proceeds as represented 
in the equations 

2Na + 2H20 2NaOH + 

Ca + 2HaO CaCOHiji + Hj 
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Although the use of sodium, potassium, and calcium m the elementary state 
IS conJSned to a himted number of processes, the hght metals mclude elements 
which are just as durable as iron With a small admixture of other metals they 
yield alloys which are as hard The two most important are magnesium and 
alumimum Both are extremely abundant, and are distributed umversally 
About 10 per cent of sea salt is the chloride of magnesium, a very dehquescent* 
compound which confers on common cookmg salt its drymg properties So 
brme is a sufficient source, and the ocean contains a well-mgh mexhaustible 
store of it Down to a depth of about twenty-five miles aluminium is estimated 
to be about twice as abundant as iron In the more superficial layers of the 
earth’s crust accessible to minmg operations it is immensely more abundant 
than any other metal Nations do not need to go to war to get aluminium and 
magnesium compounds Alumimum is present m every scrap of ground we 
stand or build on. Common clay is mainly an alumimum salt — aluminium 
sihcate The Soviet Umon have now mastered the techmeal difficulties of 
produemg alumimum from clay on an mdustnal scale 

The last two decades have witnessed a ventable revolution m metallmgy 
through the electrochemical production of the two hght metals As one 
Amencan chemist puts it^ we are passmg out of the Iron Age which has 
lasted smee about 1000 b c , and are now on the threshold of the Mag--Al Age 
A very good account of this development which was made possible by 
Davy’s discovery is epitomized m the followmg atations from ManteU’s 
book Sparks from the Electrode (pp. 64-78), written m 1931 

Aluminum is truly a metal of the modem age, for its development on a 
commercial scale has taken place within the memory of many now hvmg 
The Damsh chemist Oersted m 1825 announced in a paper before the Royal 
Damsh Academy of Sciences that he had produced alummum “the metal of 
clay*’ , In 1846 at Gottmgen, Wohler made some of the metallic particles as 
large as big pinheads In 1864 Samte-Claire DeviUe, a Frenchman, annoimced 
a substitution of sodium metal for potassium m Wohler’s method and with 
the addition of common salt, or sodium chlonde, to the alummum chloride 
made a readily melted maten^ which acted as a fiux and caused the alummum 
globules to nm together Napoleon III, because he saw the possibihties 

of usmg the hght metal aluminum for helmets and armour, aided Deville’s 
work Bars of aluminum were exhibited at the Pans Exposition m 1866 In 1866 
the metal cost $100 a poimd, and the year afterwards about $27 a pound 
Two years later, because of improvements m the process, it was down to $ 17 * 
The Alumimum Company Ltd at Oldbury near Birmmgham, England, 
erected a works m 1888 using the Castner sodium process and the Deville 
alummum method Production reached 600 pounds a day and the metal was 
sold for about $4 a pound . • , Charles Martm Hall, while still a student at 
Oberlin College, became interested m the problem of finding a cheaper method 
for producing aluminum His imagination bad been fired when he read of 
DeviHe’s work and found the statement that every clay bank was a mine of 
alu mmum, and that the metal was as costly as silver He reasoned that alu- 
mmum oxide could be obtamed cheaply and m the pure condition, but its 
meltmg point ( 2060 ® C ) was too high for it to be electrolyzed while m the 

* I e capable of removing water vapour firom the air and of dissolving in the 
moisture so formed 
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molten condition If he could but find a salt or material which would melt 
at a lower temperature and dissolve the alumma^ or aluminum oxide^ as sugar 
dissolves m water, he could electrolyze it m solution This viewpomt was 
different from that of previous experimenters He discovered that the mmeral 
cryohte, found m large quantities m Greenland, when melted would dissolve 
alumina The alumma m solution could be decomposed by the current to 
produce aluminum metal Ultimately he became acquainted with the 

men who organized the Pittsburg Reduction Company to operate his process 
This organization eventually became the Aluminum Company of America 
The hot molten cryohte and aluminum arc quite destructive of material used 
for the furnace Hall solved the problem by the use of an iron crucible or box 
Imed with carbon The pot, as the workmen call the furnace, is thus a 

strong steel box, usually rectangular m shape and provided with a carbon 
Immg 6 to 10 mches m thickness Blocks of carbon dip mto the molten bath 
This consists of cryohte m which alummum oxide is dissolved The carbon 
Immg and the pot itself constitute the cathode or negative pole The alumma 
is broken up mto aluminum metal which sinks to the bottom of the cell, and 
oxygen which rises to the top When enough alummum forms, the tap 

hole is forced open and the aluminum dramed from the cell mto a ladle from 
which It IS cast mto its pig or mgot form An alummum plant consists of row 
upon row of these pots, each with its httle mdicator lamp to show the workman 
how the pot is functionmg The pots operate contmuously through the bright 
hours of the day and the long hours of the mght, the men workmg m shifts of 
eight hours , The world production of alummum had grown from 16 
metnc tons m 1886 to 19,800 tons m 1907 More than half of the growth had 
taken place from 1904 to 1907 By 1929 there had been an mcreasc of 1300 per 
cent to an annual total of over 270,000 tons In the same penod, the production 
of iron had mcreased 60 per cent, that of lead less than 75 per cent, and zmc 
100 per cent, while copper, the metal most largely used m electrical machmery 
and as such the prmcipal competitor of alummum, made a gam of 170 per cent 
The possible growth of aluminum can be )udged from the fact that the world 
produces about one-fifth as much alummum as zmc, and 1/350 as much 
alummum as iron Aluminum is an mtemational metal, yet it has only 

become so withm the last twenty-five years, for we find that five of the present 
Norwegian plants, all the Italian and Russian plants, all of those of Germany 
except one small one, two of those of Great Britain, five m France mdudmg the 
largest one there, and half the plants m the Umted States and Canada, came mto 
existence m that penod, while most of the previously existmg works were made 
larger 

The same author gives the following account of the recent growth of the 
magnesium mdustry Aluminium and magnesium are usually alloyed together 
and aid one another m their mdustnal activities, especially m connexion with 
aviation* 

Although Bunsen, as far back as 1852, produced magnesium metal by elec- 
trolysis of Its chloride, the first commercial plant using this method began 
operation only m 1886, m Germany In America, the magnesium mdustry 
was not established untd 1915, some thirty years later Magnesium is one of 
the lightest metals and as such, or alloyed with other materials, it is becommg 
more widely used m mdustnes such as aviation, automobile, railroad, struc- 
tural, etc From a poimd of magnesium we can make a bar of the metal a 
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half inch square and 64 inches long, while such a bar from a pound of alu- 
minum would be 42 mches long, and from steel only 14 inches long A beam 
of magnesium, hght enough m itself to be carried by one man, can yec support 
an automobile ^ A steel piece of similar size probably could not be lifted by 
even four men The advantage of magnesium m the matter of weight alone, 
especially m aviation and building, makes its production worth the effoit 
Only one American company has outhved the difficulues That company 
entered the field because of an abimdance of magnesium chloride n^hich it 
desired to convert mto useful and profitable material, and because of an 
mcreasmg demand for magnesium m nuhtary p 3 rrotechnics It spent se\cii 
discouragmg years m experimentation and development The low peiiod 

of 1920 and 1921 slowed industry to the extent ot again stoppmg producuon 
m order to dispose of stocks on hand Meanwlale German manufacture 
of magnesium had flourished The metal was imported into the Umted Slates 
m quantities, trebhng the purchase of domestic magnesium durmg 19 
threatenmg to wipe out its manufacture here Late 1921 saw a new start <rnd 
the 1922 tariff protected the new mdustry The last commercial plant now 
m operation can produce tons of metal per day, of tlie very high purity of 
99 9 per cent An improved process goes on smoothly and economically 
Appreciation of the many possibilmcs for this very light metal and its alloys 
has mcreased demand In recent years the total American consumption was 
over 600,000 pounds Aviation, automobile, railioad, structural, and metal- 
lurgical industries are mcreasmg their use of magnesium . Magnesium 
furnaces consist of large rectangular cast steel pots holdmg several tons of 
melted magnesium chloride The pot serves as a cathode, mserted in the top of 
the molten contents and suspended vertically are the giaphite anodes The 
magnesium deposits at the cathode Bemg lighter than the bath, it rises to the 
top and, while protected from oxidation by a top crust on the cell, flows to a 
coUectmg chamber outside the cell proper The metal is removed doily 
With development of processes and markets, magnesium prices have tumbled 
from $6 00 per pound m 1915 when some 80,000 pounds were produced, to 
|1 00 a pound m 1924, 48 cents m 1930 when over a nulhon pounds were made, 
and 30 cents a pound m 1931 It will be remembered that the magnesium is 
made from magnesium chloride obtamed from salt brmes 

The countnes which export alumimum are countries with abundant 
hydroelectric power If you turn the leaves of any good chemistry book, like 
Mellor’s Inorgamc Chemistry you will find that dozens of electrolytic processes 
have been patented for the chemical mdustry In the Castner process, for 
mstance, brme is decomposed to produce caustic soda by reaction between 
the water and the sodium hberated at the kathode, while pure chlorine gas is 
collected at the anode This is a straightforward application of the discovery 
Davy himself made Yet the furnaces of the Leblanc process (p 430) for 
making alkalis contmued to pollute the landscape till our own generation 
Although there is an electrolytic method available for a vast number of 
mine ral products. It IS still true to say the only substances exclusively produced 
by electneal methods are those which like aluminium and magnesium cannot 
be produced m any other way The reason for this is that existing chemical 
mdustry has its histone roots m a coal economy of pnvate enterprise which 
had no social plan for the co-ordmated use of saentific knowledge It was 
lack of saence which took people away from the watermilla of England's 
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green and pleasant land, and forced them to where coal and iron were found 
together Science can do more with the power that drives the watermill than 
with a blast furnace We shall be makmg the fullest use of it when we pass 
out of the age of coal and iron mto the age of hydroelectnaty and hght 
metals. 

Withm the framework of private enterprise the chief effect of new 
theoretical knowledge on metallmgical practice of the nineteenth century 
was to conserve the prc-existmg economy of the heavy metals The history 
of steel production is told m Otir Mineral Civilization by Thomas T Read 

Iron IS found all over the earth m the form of iron omde and the metal can 
be made from the OMde by healing it With caibon That wdl produce 

soft iron, with the impurme^ fhaJ were m the ore Cinbedaed m the iron By 
hammermg it while it is hoc mey can be gotten iid of fairly well, and a skilful 
person can hammer the iron into almost any desued shape The difficulty is that 
It remams soft, too soft to be of much piactica? use Nor can it be melted down 
and cast, for the melting point of pure iron, aiound 2700'* F, was far above 
the reach of the eaily metallurgists The early v/ere clevei, however, 

and they eventually found out how to hamen non They made the soft metal, 
worked it by hammermg mto the shape desired, heated it for a while buried m 
carbon, and then took it out and plunged it mto water or oil If they did it just 
right they could made it as haid as a modern razor blade Of course they did 
not know why it happened Now w'-e understand that the carbon of the 

fuel bed slowly soaks mto the hot iron, much as moisture soaks mto wood Iron 
with carbon dissolved m it has the property of becoming hard whou chilled 
from a red heat • Since the carbon soaked m from the outside a skilful 
smith could make a sword with a haid edge and a tough body that was an 
excellent weapon They could make good steel, but they could not make it m 
large quantities and it was quite expensive Meanwhile the early metallurgists 
had learned how to melt iron If they used a blast and mcreased the depth of the 
fuel bed they could produce melted metal, though ii hardly seemed like iron, for 
when It was cold it was as brittle as glass They could cast it, however, and much 
of the iron used before 1750 was cast iron We know now that when made m this 
way the iron takes up as much as 3 5 per cent of carbon and its meltmg pomt is 
lowered some 600®F , though stdl far above that of bronze At the beg innin g of 
our century of progress this kmd of iron was still umversally made m furnaces 
that had a capacity of six tons per day Steel was still made from the soft 

iron and only on a small scale What Bessemer learned to do, m 1856, was to 
produce steel from the melted hard iron by blowmg air through it, m 20 minutes 
he could convert 15 tons of the hard, brittle metal mto steel soft enough to 
be rolled, yet much stronger than the pure soft iron Now ii was possible to 
produce the kmd of metal needed for buildmg railroads, m large quantities and 
at a low price The process was mtroduced m this country m 1865 The total 
iron producuon of the country in- 1864 was about a million tons, ten years later 
It was more than 2^ milhon tons and twenty years later about 5 million tons 
Sixty years later it was about 40 milhon tons For many years after its intro- 
duction the Bessemer process was the principal way of making steel Contem- 
poraneous with It was another process, known as the open-hearth, that at first 
seemed less advantageous, smee it required more fuel and had less capacity 
. . . This other process could not only handle metal made from any kmd of 
ore, but the steel was of better quaUty By 1907 more steel was made by the 
open-hearth process than by the B^semer, and by 1929 seven times as much. 
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The production of steel on a large scale intensified research into the influ- 
ence which elements other than carbon exercise on the physical properties 
of iron Read tells us 

One of the things thus learned was that mckel> chro m iu m^ tungsten, and 
some other metals, if added to steel, make it stronger without making it brittle, 
as carbon does llnng, careful, and pamstakmg work was needed, because 
the effects produced by different amounts are surpnsmgly different With 

mckel by usmg between 2 and 4 per cent the tensile strength of the 
steei is mcreased about 6,000 pounds per square mch for each per cent of 
mckel added, it is also more resistant to rusting and abrasion Above 

10 per cent mckel the steel, mstead of gettmg harder when heated and chilled, 
gets softer Steel containing 13 per cent mckel is tremendously strong, but so 
hard it cannot be cut or drilled At 24 per cent mckel the alloy becomes non- 
magnetic, and from that up to 32 per cent it has a high resistance to the passage 
of the electric current At 36 per cent mckel the alloy develops another 

curious property, it does not e^and and contract with changes m the tem- 
perature, fittmg it for special uses, such as measurmg tapes The wires that lead 
m through the glass of an electric hght bulb are made from a 38 per cent mckel 
iron alloy plated with copper They expand and contract at the same rate as 
the glass and consequently do not crack away from it At 78 per cent mckel 
Its magnetic permeabihty becomes exceedingly high The practical 

importance of such special quahties is seen m a recent estimate that the elec- 
trical transformers now m use m the Umted States waste about ten bilhon 
kilowatt-hours of energy annually m useless heat Half of this could be saved 
if the mckel-iron alloy (60 per cent) which has the combination of highest 
permeabihty and lowest hysteresis loss were used m their construction Chro- 
mium makes steel hard Files contam about 0 5 per cent of it, axes and hammers 
and chains up to nearly 1 per cent Balls and rollers for bearings are probably 
the most important use for chromium steel . Armour plate for battle- 
ships, which typically has about 4 per cent mckel and 2 per cent chromium, is 
an important use, but the mckel-chromium steels that enter most directly 
mto the hves of ordmary people are those employed m motor-car building 
. The front axle must be strong and tough, and so will usually contam 
mckel, the hardness necessary m the bearings will be provided by chromium, 
and so on Formerly motor cars were trimmed with mckel-plated iron 
Some of the cheaper cars have substituted an iron-mckel-chronuum alloy 
that IS highly resistant to tarnish and almost silver-white m colour This belongs 
to the group of alloys, of recent devismg, that are popularly known by the 
somewhat imgrammatical name of stainless steel* The various companies 
that produce this material apply different trade names to it, but the material 
always contains about 18 per cent chromium, and 8 per cent mckel . For 
many uses steel can be protected by dipping it m melted tm or zmc, and for 
others it is plated with nidcd or chronuum These recent developments have not 
only produced a metal that is truly resistant to corrosion (there are also rustless 
cast irons) but have led to the production of special alloys having a remarkable 
resistance to the attack of almost any reagent, mduding strong acids* An im*- 
portant alloy that has not yet been mentioned is that with tungsten* That metal 
when maxed with iron not only makes a hard steel but one that stays hard 
even when red hot, when all other varieties of steel soften* Modem bonng 
and cutting machmes were previously limited m speed by abihty to keep the 
tool cool, as It gets hot when working and as soon as it heats up loses its edge* 
A great deal of worl^ done over a long penod of years, has disclosed that about 
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18 per cent tungsten with 3 6 per cent chromium gives the best results 
Vanadium and molybdenum are two other metals that improve steel quality. 
Vanadium pioduces much the same effect as mckel, but a much smaller amoimt 
IS required Chrome-vanadium steels are used m an important way m the 
drivmg axles and other forgmgs of locomotives^ automobile sprmgs and axles^ 
gun forgmgs and many other purpose^ Molybdenum-vanadium steels have 
proved valuable for makmg centrifugally cast guns 

To this It may be added that 13 per cent manganese makes a steel which is 
highly non-magnetic, and as such smtable for the manufacture of bulkheads 
for ships It does not acquire the feeble magnetism induced by the vertical 
(dip) component of the earth’s field (see p 633), and hence forestalls the 
compass-bias which may arise therefrom Notable progress has been made 
recently m the discovery of new lead alloys The addition of less than 1 per 
cent of cadmium and tm makes lead as hard as copper Lead itself may now 
be removed from the category of ‘'‘heavy” metals, smce it is quite easy to 
prepare it from its ores by electfol 3 mc decomposmon We are only at the 
threshold of discovering what remaikable new physical properties are con- 
ferred by the mtroduction of relatively small quantities of duffierent metals m 
alloys Progress already accomplished points the way to a new potential of 
loci self-suffiaency 

(h) Catalysts — second technique which chemistry developed durmg the 
mneteenth century has touched mdustry still less, though it may hold even 
more spectacular possibihties for a rationally planned future of human 
- existence Some reactions which otherwise require the expenditure of con- 
siderable energy can be mduced to proceed rapidly by addmg small quantities 
of substances which do not partiapate appreciably m the final products They 
act as It were as luhncants This lubncatmg action is called m a general way 
catalysis^ and the lubricant is called a catalyst The physical nature of the 
process is not necessarily the same m all reactions descnbed by the term Its 
use hes m directmg attention to the soaal importance of encouragmg reactions 
with the minimum expenditure of effort Thus, if starch is boiled continuously 
with dilute aads it is gradually broken down mto grape sugar (dextrose) The 
same result can be brought about by simply addmg a smil quantity of malt 
extract and leavmg it m a warm place Whst the acid accomphshes with the 
expenditure of relatively much fuel to supply heat, the extract can do at a 
much lower level of energy consumption 

An example of the production of an morgamc reaction by catalysis is the 
umon of hydrogen and oxygen m presence of finely divided platinum (gas 
lighters may be so made) without sparkmg In industry the contact process 
for makmg sulphuric acid is to pass the gas SO 2 , formed by burmng sulphur 
m air, with air over vanadium oxide — ^this helps to oxidize it to SO3, which 
dissolves m water forming H 2 SO 4 In the Deacon process for makmg dhlonne 
the umon of HQ and oxygen is promoted by passmg HQ and air over 
pumice soaked m copper chlonde at a comparatively low temperature 
There are vast untapped resources for further mdustnal development by 
developmg the natural catalysts called ferments or enzymes. The decomposi- 
tion of starch m the presence of malt illustrates one step m two very anaent 
mdustnal processes which were not understood fully until comparatively 
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recent tunes Beet and Spirits provide an example of a chemical mdustry 
which is largely empirical, like photography Probably the earhest hquors 
were prepared from fruit juices which ferment spontaneously, bemg nearly 
always infected with wild strams of the micro-orgamsm yeast This breaks 
down sugar mto alcohol with liberation of CO2 The production of the former 
IS the reason for addmg yeast to malted gram The production of the latter is 
the reason for usmg yeast to raise bread In the makmg of beer, gram is soaked 
and kept warm till it begms to germinate This allows a catalyst or enz3nne 
called diastase (like one present m our own sahva) to convert the starchy 
content of the gram to sugar The germmatmg gram is dried and the extract 
of the dried matter (malt) may be used as a source of diastase to convert 
potato starch mto sugar as mentioned In the nmettes of the last century it was 
shown that crushed yeast m which there aie no hvmg orgamsms yields an 
extract which will catalyse the breakdowm of sugar mto alcohol just as well 
as the hvmg organism 

(c) Spectroscopy — A third technique has proved to be of great theoretical 
and practical importance in so far as it has led to the discovery of new elements, 
which now play a part m familiar features of our daily life It will be men- 
tioned briefly, because the discoveries which resulted fiom its use will be 
dealt with elsewhere In Chapter 3 it was stated that a pmch of salt tmts the 
non-lummous flame of a gas fire yellow This you can easily see for yourself 
Similarly, as you can also see for yourself, a copper salt will tmt it blmsh 
green Compounds of the few elements which mtensely colour a flame are 
used m makmg fireworks Potassium salts give a violet flame Calcium salts 
give a bnck-red flame The closely alhed element strontium gives a bnlhant 
crimson flame Barium gives a beautiful apple green 

When we examme spectroscopically a flame which has been made lummous 
by particles of a pure cheimcal we find that it shows no contmuous gradation 
firom red to blue It is composed of a few isolated bnght hnes They are m 
the yellow region if a sodium sail is used Although few elements, like the 
foregomg, give a highly characteristic lummosity to a non-lummous flame, 
they all exhibit bnght Ime spectra Durmg the fifties it was noted that the 
position of the bnght hnes m the spectrum of an element is characteristic of 
the element, and the spectrum of a compound is simply a collection of all the 
hnes charactenstic of its constituent elements Another mterestmg fact about 
the spectra of elements is that when a lummous flame with a contmuous 
spectrum (white-hot body) is screened by a cold elementary gas, the con- 
tmuous spectrum is mterrupted by black hnes m the same position as the 
bnght hnes which would make up the spectrum of the gas if it were mean- 
descent It had long been noticed that the spectrum of sunhght 1$ crossed by 
dark hnes. It was now possible to recognize that many of these hnes corre- 
spond to the dark Imes of “absorption” spectra of familiar earthly elements, 
as if the mcandescent mass of the sun were screened by an envelope of rela- 
tively colder matter m the gaseous state There were also other lines, and one 
particularly promment one, called the hehtm Ime (from the Greek word for 
the sun) These did not correspond to any element then known. 

The hehum which is now used m dirigibles and the neon of neon lamps 
were both known to exist and named before they had been found m our own 
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world We shall reoim to them later The horizon of theoretical knowledge 
about the structure of the universe^ the age and composition of the stars^ and 
so forth^ unfolded by the spectroscope is one of the most fascmatmg romances 
of modem saence If you are mclmed to overlook the social considerations 
which have encouraged research with the spectroscope^ remember your 
sky-signs Several terrestrial metals were hrst discovered uitb the spectro- 
scope, e g nibidiiim,caesiuxn,thalliiim, mdium, scandium Aside from leadmg 
to the discovery of new elements, the spectroscope has a more immediate 
utihty It provides the most sensitive gauge of the parity of cbenucal products 
It will detect the presence of about a Hundred imlhonth of a gram of sodium 
chlonde 


LAlTEil DEVELOPMENTS OF ATOMIC TH202T 

The prestige and usefulness of the atonnc theo v r\as lexmoa ced dm mg the 
latter half of the nmeteenth century by the recogmaon of th^ee important 
prmciples the Law of Pressure m Solution (or omaosis^ the Lav of Chemical 
Eqmhbnum (or Mass Action), and the construction of the Periodic Table of 
Elements 

(a) The Law of P'tesswre tn Solution (of Osmos^^} — ^While Avogadro’s 
pnnaple provided the means of settmg a standard of atomic weight, it was 
limited m its apphcation to substances which are gaseous or volatilize with 
comparative ease One of the most important theoretical developments m the 
next half century, emergmg incidentally through study of the ascent of sap m 
plants, led to the discovery of an aniogous prmciple which apphes to all 
substances m aqueous solution In everyday life we are famihar with many 
examples of a common feature which matter displa3rs when dispersed m the 
gaseous state or m a solvent We all know with what rapidity an odour 
“diffuses” m a closed space, and most of us have observed the colour diffusmg 
of Its own accord through a perfectly still tumbler of water, when a crystal of 
* potassium permanganate is dropped m it In certain circumstances the pheno- 
menon of difiusion can result m the production of differences m pressure 
The laws of solution pressure which descnbe such phenomena are precisely 
analogous to the laws of gas pressure discovered by Boyle, Marriotte, and 
Charles 

Pressure differences arismg from diffusion can be studied by obstnictmg 
the process with porous membranes Lighter gases pass more rapidly than 
heavy ones through a porous membrane, e g unglazed porcelain (like the 
porous pot of an old-fashioned electric bell battery) If, therefore, two gases of 
different density areseparated by aporous partition, Ae more rapid passage of the 
hghter one through the partition results m an excess of molecules on one side 
Smce equal volumes of different gases at the same temperature and pressure 
contam an equal number of molecules, the result prescnbed by Avogadro’s 
pnnaple is that the volume of gas on one side should be greater th a n on the 
other This cannot happen if the walls are dosed. So, as we should expect, 
a difference in pressure is produced The difference is easily demonstrated 
by connectmg the open end of a porous pot with a U -tube of mercury. If the 
porous pot is surrounded by hydrogen which is less dense than air there is a 
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gradual increase of pressure m tJie pot If it is surrounded by carbon dioxide, 
which IS more dense, there is a gradual fall of pressure One of the methods 
by which the separation of gaseous substances can be brought about is 
repeated difiusion by use of this principle 

An essentially similar apparatus will serve to demonstiate tne somewhat 
analogous phenomenon of pressure m solution or osmosis The porous pot and 
the hmb of the U-tube connected with it are filled with waier^ and the gas 
chamber with a solution of table sugar, or conversely the solution is used to 
fill the porous pot, etc , and the outer chamber is filled with w ater In the 



Fig 267 

Posinve pressure resulting from the more rapid diffusion of hydrogen into the porous 
pot than of air passing out of 

first case, there is a gradual decrease of pressure, m the second a slow nse 
In experiments such as these the pressure registered by the pressure gauge 
reaches a maximum or minimum, and the mercury returns to its previous 
level when the gases or dissolved substances are equally distributed on both 
sides of the partition 

Experiment shows that some membranes easily allow hght gases or dis- 
solved substances with small molecules to pass through them, but almost 
completely exclude larger and heavier ones So it is possible to maintain a 
steady pressure by usmg a membrane which allows the passage of only one 
constituent If a porous pot is filled with copper sulphate solution and plunged 
into a solution of potassium ferrocyanide, ^e pores are coated with copper 
ferrocyanide. Water can snll dijBEusc freely through its walls, but alcohol caimot 
appreciably traverse the film of copper ferxocyamde. If the temperature is 
kept constant the pressure inside a porous pot filled with a watery solution of 
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alcohol and surrounded by pure water rises to a definite level, and remains 
fairly steady 

The steady level %^aries m a aefimte way with the stiength of the solution 
The pressure attained is directly proportional to the concentration If the 
temperature is varied and die concentration of the dissolved substance is 
kept the same, the pressuie is du^ectiy pioportional to the absolute tempera- 
ture The rule for osmotic pressure thus corresponds to the law of gases 



Fig 268 

Measurement of osmotic pressure of a sugar solution surrounded by water only 


discovered by Charles (p 425) Boyle^s law (p 387) states that the volume 
of a gas is mversely proportional to its pressure*- ^^en the same mass of 
gaseous material is compressed mto a small volume, the mass per umt volume 
or concentration of the gas mcreases proportionately That is to say the volume 
of a given mass is mversely proportional to the concentration. Hence the con- 
centration IS directly proportional to the pressure Thus the law of osmotic 
pressure for soluble orgamc compounds like alcohol or sugar is prcasely 
analogous to Boyle*s law of gas pressure 
The chemical importance of this depends on a connexion between Avo- 
gadro’s theory and the physical properties of gases The two laws of Boyle 
and Charles can be combmed m a smgle statement with one constant K 

pv^ KT 

The constant K depends on the quantity of gas used If the temperature is 
constant throughout an experiment KT is constant, and the equation is the 
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same as Boyle’s law If z? is kept constant — T ib constant, or if /> is constant, 
tj — T IS constant, and the equation is eqmvalent to Charles’ lavV A^7'ogad^o’s 
hypothesis asserts that when the pressure and temperature is the same, equal 
volumes of all gases contam the same number of molecules This leads us to 
suspect that the constant K wiU be the same for all gases, if a suitable quantity 
of gas is chosen 

As It stands, the formula pv = KT is only useful for calculation when 
we are dealing with some fixed quantity of gas subjected to different pressures 
and temperatures The smtable umt is the product of 1 umt of mass and the 
molecular weight of the substance If the mass is measuied m grams, it is 
cabled the mol Thus one mol of water vaocui is 18 grams, one mol of ethyl 
alcohol (C 2 H 5 OH) IS 46 grams, and one mol of hydrogen is 2 grams If W is 
the weight of a htre of gas at 273^ on the absolute scale (p 125), 1 e at 0 ® C 
and at 1 atmosphere pressure (760 mm of mercury), the volume occupied by 

1 gram at the same tempeiature and pressure is ^ litres Since 1 mol of a 

substance of molecular weight M is M grams, the volume occupied by one 

mol IS ^ So the volume occupied by n mols is when /? -= 1 if pressure 

IS measured m atmospheres^ and T == 273 We can then put for pv ■= KT 


1 


X -^ = K X 273 


K== 


«M 

273W 


fi) 


Avogadro’s hypothesis tells us that any fixed volume — e g 1 litre, of any gas 
at a fixed temperature — eg 273°, and at a fixed pressure — eg 1 
pressure — contams the same number (N) of molecules 1 he weight (W) of one 
htre of which every molecule weighs m grams is N?«, and since the molecular 
weight (M) IS the rano of the w’^eight of a molecule (m) of the gas to that of an 
atom of hydrogen (A), 

m == MJt 


W = NM/i (a) 

Combuung both results — ( 1 ) and (u) 



In the last expression /r, the weight of a hydrogen atom, is a fixed quantity 
N, the number of molecules m 1 htre of any gas at 273° and one atmosphere 
pressure, is always the same, if Avogadro is right So 

273NA ~ constant 

Tins constant ts usually written R, and hence (m) can be written 

K = «R 

pv ~ «RT (iv) 

If N, the number of molecules in a |^t|:e of different gases at the same 
temperature and pressure, were not the same, the constant R would be 
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different for different gases According to Avogadro’s hypothesis the constant 
R is therefore the same for all gases^ and the formula pv == nRT apphes to 
all gases Experiment shotJ^s that this is true m agreement with theory 
So, if we know the weight (\^) of one htre of the gas and hence how many (n) 
mols (i e W — M) of gas we are usmg^ we can calculate (a) the volume it 
will occupy at a given temperature or pressuie, (b) the pressure which a 
given volume will exert at a given temperanire, or (c) the tempeiature a 
given volume must have to exert a given pressure To do this we need to 
know the numerical value of foi which we only need to know the volume 
occupied by one mol of a gas at a fixed pressure and temperature One mol 
(32 grams) of oxygen at one atmo and 273® T occupies 22 f hues 

1 X 22 4 = R X 2/3 

For a soiutioa of fi:>.ea concen^adon me number* of mois (*z) pei umt 
volume IS a fixea quanuty Sc the lav/ of osmotic pressure can also be expressed 
m the form 

pv = n X constant x T (v) 

Smee alcohol volatilizes readily we can find its density and heiice its molecular 

/ 

weight (M) Hence we know how many mols correspond to a given 

w^eight (W) in a given volume (v) of solution of known concentration Experi- 
ment shows that the constant m the formula (iv) for solutions has the same 
Tuanencal value as the gas constant (R) This means that if we know the 
strength of a solution of known molecular weight we can calculate the osmotic 
pressure it exerts at a fixed temperature Thus to find the osmotic pressure 
of 5 per cent (grams per 100 c c ) of alcohol (molecular weight = 40) at 
10® C (283® T) we first calculate n The weight of a 5 per cent solution of 
alcohol m I htre (1,000 c c ) is 50 grams Hence w = 50 — ■ 40 = 1 09 Thus 
we may wnte for 

pv == wRT 

p X 1 = 1 09 X 0 082 X 283 
* . p = 25 2 atmospheres 

This tremendous pressure which a 5 per cent solution of alcohol can exert 
will help you to see how the roots of trees are able to spht rocks 

Once this pimaple has been estabhshed by experiment we can use it to 
calculate the molecular weight of a substance by the pressure it exerts in 
solution For mstance, suppose we find that a 0 1 per cent solution of the 
mtrogenous substance urea foimd m urme exerts an osmotic pressure of 

0 42 atmospheres at 27® C (or 300® abs ) If there are n mols of urea m 

1 htre we can put for 

pv “ nRT 

0 42 X I = » X 0 082 X 300 

7 , 1 

•'* » 4X0 60 
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The actual weight of urea in one htre of 0 1 per cent (grarub per 100 c c ) 
solution IS 1 giam The number of mols m one here is the actual weight 
divided by the molecular weight (W — M) Hence 

' 7 _ 

M~410 
M = (approx ) 60 

Although the molecular weight of volatile water-soluble orgamc suostance*-. 
like alcohf^lj determmed by the method of osmotic pressure, agrees with the 
result obtamed by measurmg the density of its vapour, the same is not true 
of volatile water-soluble min eral products hlte hydrochloric ccid gas In 
comparatively dilute solutions the values calculated from the osmotic pressure 
of substances of the latter class are almost an e'vact mulnple of the tiue 
molecular weight based on the measurement of their density Seemmgly the 
new law lets us down 

Experience shows that some of the most frmtful advances of science have 
occupied when mere logic does let us down When a hypothesis fits some 
facts qnd fails to fit Others, careful study of the exceptions often leads to 
important discoveries The broad distmction between two classes of sub- 
stances, some which obey the gas laws m solution and others which do not 
appear to do so, corresponds to another broad distmction which we con make 
between the general characterisucs of the common reactions of tjrpical organic 
and morgamc substances (excludmg the metafile salts of the orgamc acids) m 
solunnn The solutions of substances like alcohol or sugar do not conduct an 
electric current and their reacaons take place slowly and usually require some 
“catalyst” to help them The solutions of substances hke caustic soda, hydro- 
chloric aad, or Epsom salts, readily conduct an electnc current, and react 
almost instantaneously if at all Furthermore, the passage of an electnc 
current through a conductmg solution is always accompamed by chemical 
decomposition, which also occurs if a current is passed through the molten 
morgamc compounds m the dry state The decomposition of a salt always 
results m concentrating the aa^c constituent where the current flows from 
the positive pole of the battery, and the basic or metallic constituent where 
the current flows out of the solution by the electrode connected to the negative 
pole 

We shall see more clearly when we study electricity that the power of 
solutions to conduct the electnc current can receive a satisfactory eiqplanation, 
if we assume that the molecules of substances like sodium dblonde break 
down, when dissolved m water, mto two or mote dectncally conducting sub- 
molec^es or urns According to this view a solution of such substances is an 
equihbnum between the number of parent molecules and the number of 
submolecules A substance hke potassium carbonate m solution is thus 
a mixture of non-conducting molecules of RgCO^ and conductmg sub- 
molecules or tons K and CO 3 In very dilute solution all the KsCOs breaks 
down, so that there are three submolecules for each parent molec^e, and 
the osmotic pressure of one mol of KgCOa per htre is the total pressure 
exerted by one mol per htre of eadi of the three submolecules, te. 
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It IS three times vi iiat it ^ould be if the parent molecule did not dissociate ** 
At any paiUcular concentration the discrepancy between the observed osmotic 
pressure and that calculated on the assumption that the molecule is stable^ 
tells us at once how much of the molecule is broken up m this way 

Thus the osmotic pressure of a substance like sodium chlonde can be used 
to determme its molecular weight although it does not obey the gas laws so 
simply as does alcohol The percentage composition of sodium chlonde shows 
that It contams approiomately 61 pei cent of chlorine and therefore 39 per 
cent of sodium The ratio of the v/eights of sodium and chlorme 39 61 is 
thus the same as the ratio of their atomic weights 23 35 5 Therefore 
the molecule of sodium chloride must contam the same number of atoms of 
sodium and chlorme If the number is 1 the molecular weight would be 58 5, 
and smce it must break up mto an even number of ions the molecular weight 
calculated from its osmotic pressure m very dilute solution will be 2, 4^ 6 or 
some even multiple of 58 5 Actually the value obtamed is about 117 The 
true molecular weight of the imdissociated molecule is some even sub- 
multiple of 117 Smce the first submultiple is the lowest value (585) it can 
have, this must be its molecular weight 

(i) The Law of Equiltbiium (or Mass Action) — ^The classical philosophers 
spoke of the prmciples of love and hate when we should refer to attracaon 
and repulsion m mechamcal occurrences. Remains of this anthropomorphic 
conception Imgered m the ideas of chemical affimty which mneteenth-century 
chemists inherited from the alchemists A reaction occmred because the 
reactmg substances had affinity for one another, and decomposition was an 
American divorce Like the Aristotelian doctrme of gravitation this is nothmg 
more than an obituary notice on the fact after it has occurred The busmess 
of science is to tell us how to make a reaction occur 

Early experiments on respiration put the issues m a more tangible form, 
though It was long before they were clearly understood In Priestley’s experi- 
ments the bnght red oxyhaemoglobm assumed the dull purple of venous 
blood when oxygen was pumped off Venous blood reassumed its bnght 
arterial colour when shaken up with oxygen If he had noted the change more 
carefully he would have observed that the change m colour is gradual After 
the pressure in the vessel has been reduced to a ceitam pomt there is a corre- 
sponding shade of colour for each further reducnon or mcrease Hence the 
direction of the reaction depends on the quantity of reactmg substances 
Other early enqumes pomt to this. Black showed that when chalk is heated 
It becomes hme through loss of carbon dioxide The hme is water-soluble, 
and hme water itself deposits chalk when CO 2 is passed mto it. We can put 
for the reaction m the hme kiln, 

chalk — fixed air + lime 

The reacuon m a beaker of hme water is. 

fixed air + hme — > chalk 

What IS It that decides whether we make the arrow point from right to left, 
as It occurs m the hme kiln, or from left to right as in the beaker of lime 
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water^ There is clearly nothing absolute about the aifinity of the reacting 
substances 

Take again an analogous change If steam is passed over healed uon^ tbe 
iron oxidises and hydrogen is carried off m the bteam^, 1 e 

3Fe -h 4HP Fep^ + 

iron + steam — > uon o-uJ*- hvdroscp 

On the other hand a stream of hydrogen parsed over the oi ide reauces it to 
the metal with the formation of v'atei \apour which i3 carried oh m the 
stream of hydrogen, i e 

FcsO^ + 4 H 2 ^HaO + 3Fc 

iron oMde + hydrogen steam ^ 

One significant feature is common to both e\^'‘ples From the Imie loin 
the carbon dioxide escapes mto the air Tn the beaker the chalk, being in- 
soluble, escapes from the water Y/hen iron ovidiscs in a stream of vtater 
vapour, the hydrogen escapes as it is formed YCTiea the reveisc reacuoa 
occurs the water vapour is carried oft as soon as it appears This meano that 
to make the reaction go in the way prescribed one of the reagents has to be 
in excess 

How much m excess is a very practical problem for chemical manufacture, 
because the yield depends upon it A chemical reaction is hkc a see-saw or 
lever, which can swing up or down The problem of economical chemistry 
IS to find where we have to put the weight to make it go down or up Like 
the problem of constructmg a weighing machine, it is a matter ot discovering 
the law of equihbnum, and the simple rule tliat nothing succeeds like excess 
suggests a more prease prmaple which underlies chcimcal reaction Suppose 
that you heat n molecules of iron oxide with y molecules of hydrogen till x 
molecules of iron oxide have been converted into iron Since 

Fe 30 ji + 4H2 -^3Fe + 4Hp 
xFe 304 + 4xH2 — > BxVc + 4:cH20 

So if no further change occurs when x molecules of iron oxide have been 
changed, we have complete equihbnum when there are (y — 4x) molecules 
of hydrogen left, 1 e when the actual number of molecules of each kind is 
represented by 

[(n - Jc)Fe 304 + Cy - 4x)n^] -f L3:cFe 4 

Any more hydrogen added will be ip excess, and excess means that more 
iron oxide can be broken down, 1 e there will now be less than (w — x) mole- 
cules of iron oxide if there are more than (y — 4x) molecules of hydrogen So 
the quantities of iron oxide and hydrogen m equihbnum with one another 
are inversely proportional Similarly, more steam added in excess means that 
more iron will be oxidised If there are more than 4x molecules of steam 
there will have to be less than Bx molecules of iron JHence the quantities 
of steam and iron are mversely proportional. 
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If a molecules of uron oxide^ b molecules of hydrogen, c molecules of 
steam, and d molecules of iron, arc m equilibrium, the prmciple of excess 
suggests 

ah = constant 
cd =- constant 
cb 

— == constani' 

Ltl 

To lest Uiis iL e it is uol necessaiy to oe aole to measure the actual number 
of molecules vVi*.fi \smch a^e Jealing S^ippose \re ha\e \ mols of a sub- 
stance A of molecule^ eight M, suice 1 moi is ? 1 grams^ x mols = xM grams 
S*milaily^ y mois of v. sabsirnce H v hose molecular weight -.s N weigh 3 ;N 
grams Hence 

wt of A 

of 3 ~ j»N 

If theie are vt molecules cf die ’^^"eight of A is ?;’Ai times the weight of an 
atom of hydiogciij ard mat of U iS ;’N times the weight of an atom of hydro- 
gen Hence 

of A __ mM 
wt of B ” nN 

Thus X y == m — n In other words, the numbers of molecules are m the 
same ratio as the weights of the reactmg substances, when the umt of weight 
for each substance is the mol One example will show you how the prmciple 
IS tested and apphed. 

If ethyl alcohol is boiled with acetic aad, the two substances combme to 
form a fragrant volatile compound, called ethyl acetate, and w^ater Conversely 
if ethyl acetate and water are boiled, decomposition to form alcohol and acid 
occurs In either case the reaction is partial The chemical equation which 
describes it is 

C2H5OH + CH3COOH ±> CH3COO C2H5 + H2O 

(ethyl alcohol) (acetic acid) (ethyl acetate) (water) 

The molecular weights of the substances readmg from left to right are there- 
fore 46, 60, 88, 18 Experiment shows that when 46 grams of alcohol (1 mol) 
are heated with GO grams of acetic acid (1 mol), combmation contmues till 
15} grams of alcohol (} mol) and 20 grams of acetic acid (} mol) are left 
Conversely if 88 grams of ethyl acetate and 18 grams of water are heated, de- 
composition occurs imtil 58| grams (§ mol) of acetate and 12 grams (| mol) 
of water are left The end result is the same, 1 e we are left with 

J mol alcohol -f* } mol acetic aad | mol ethyl acetate +• | mol water 

Applymg the prmaple of equihbnum 

|-|l = constant 
constant = i 
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If the rule is true, as experiment proves, we can now deduce what yield we 
shall get if we bod 120 grams or 2 mols of acetic aad with i moLof alcohol 
If X mols of each combme, we have (2 — x) mols of aceuc acid, (1 — x) mols 
of alcohol, X of acetate and x of water at the end This will oe the end of the 
reaction if 

(2 — a:) (1 — x) ^ i 

XX 

1 e, Of = § = 0 845 

Hence equdibnum occurs when 0 845 mols of alcohol and acetic acxd have 
combined Thus the yield of acetate for the same quantity of alcohol is two 
and a halftimes as great as when an equal amount of acetic acid is used The 
rule therefore tells you how much acetic aad is required to make the best use 
of a fixed quantity of alcohol or how much alcohol must be used if we have a 
limited quantity of acetic aad from which to manufacture ethyl acetate To 
apply It to any reaction, it is only necessary to make one exact analysis of the 
quantities of all the mgredients, when the reaction has gone on tdl no further 
change occurs From the figures obtamed, we can then deduce the value 
of the constant which is characteristic of the particular process 

It is often possible to tell how a reaction proceed without deternunmg 
the actual value of the equdibnum constant If one of the constituents of a 
reaction is removed as the reaction proceeds, more of another must be formed 
to keep aU the products m proper proportion Hence combmation or decom- 
position contmues tdl one of the essential mgredients is used up This at once 
cxplams why m the early commercial preparation of alkalis the reaction 
between sulphunc aad and common salt proceeds as follows 

2Naa4-HaS04 NaaSO^ + 2Hat 

Whereas the reaction between banum chlonde and sodium sulphate proceeds 

BaQa + NaaSO* BaSO^^ + 2Naa 

In the first reaction HQL removes itself, because it is volattley i e. a gas> More 
sodium sulphate has to be formed to take its place till all the sulphuric acid 
IS used up In the second reaction, Banum sulphate removes itself, because 
It is msohAle So more sodium chlonde is contmuaUy formed to take its place 
till all the sodium sulphate is used up 

Even if none of the constituents is preapitated, or gaseous at ordmary 
temperatures, it is stdl possible to carry the reacnon to completion if the end 
product desired has a much lower boiling pomt than the other Uquid reagent 
For example, m Glauber’s reaction for the preparation of mtnc aad* 

NaNOg + HaSO* -► NaHS04 + HNOgt 

the mixture is heated gently to dnve off the mtnc aad (b.p. 86* C ), but the 
sulphuric aad (b p 380* C ) remams till the process is completed. 

(c) The Perwdtc Laxo — ^About the time when Mendd and Darwm were 
directmg their attention to the problem of evolution m hving organisms, a 
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generahzation which has an important beanng on the evolution of morganic 
matter was put forward by Newlands m England, by Lothar Meyer m 
Germany, and by Mendeljeflf m Russia It is called the Periodic Law 

Before e\oluaonary ideas in chemistry or biology could take root, a 
thorough reclassification of the differences and similarities of the various 
species of morgamc and Lvmg matter had to be accomphshed In comparmg 
the properaes of the elements and their compounds, certam similarities were 
recognized very early For mstance, the metals sodium and potassium attack 
water hbexatmg hydrogen with the formation of a soluble hydroxide Unlike 
most otheis, the tiiree metals calcium, stronuum, and danum form strongly 
alkahne oxides which dissolve to form soluble hydroxides like those of sodium 
and potassium Unlike sodium and potassium, and like most other metals, 
their carbonates are insoluble The non-metahic elements chlorme, bromme, 
and lodme umte witn hydrogen to form stiong acids, the salts of which are 
with few exceptions \ery soluble m water 

Thus there are clearly recognizable famihes of elements One feature 
charactensuc of some such families is that their members have the same 
valency Most elements have a specially characteristic combimng weight, of 
which the atomic weight is some simple multiple This multiple is called the 
valency of the element It has been defined as the number of atoms of hydrogen 
which can be replaced by one atom of the element, and, broadly speakmg, 
corresponds with the number of atoms of oxygen with which two atoms of 
the element combme m its oxides Thus sodium and potassium (oxides Na 20 
and K 2 O) have a valencgr of one, calcium, strontium, banum (oxides CaO, 
SrO, BaO) have a valency of two Nitrogen and phosphorus form oxides 
N 2 O 5 and P 2 O 5 corresponding to the mmc and phosphoric acids They have 
the valency five m these In ammonia and phosphme NH 3 , PH 3 , they have 
a valency of three When an element forms two senes of stable compounds 
m which Its valency is different, the two valencies usually add up to eight, as 
m this example. 

When the atomic weights of a large number of the elements had been 
determmed with comparative accuracy, it began to be seen that the properties 
of mdividual members of a family vary with the size of the atom If we com- 
pare compoimds of calaum (A.W 40 1 ), strontium (A W 87 6 ), and banum 
(A W 137 4), we find that the sulphates decrease m solubihty as the atoimc 
weight mcreases Banum sulphate is highly insoluble That of strontium is 
very slightly soluble, and that of calcnum is relatively easy to dissolve We 
see a correspondmg regulanty m the solubihty of the silver salts of hydro- 
cMonc, hydrobromic, and hydnodic acid Chlorine is the hghtest of the three 
elements chlonne, bromme, iochne. Its silver salt is the least soluble m water 
lodme IS the heaviest and its silver salt is the most soluble Agam chlonne 
(A.W 35 5) is a gas, bromme (A.W. 79 9) a hquid, and lodme (A W 127) a 
sohd at ordmaiy temperatures 

A preliminary survey of the elements therefore suggests a regular grada- 
tion m their physical properties and the properues of these compoimds 
when elements of the same family are arranged m order of their atomic 
weights. It was a short step to place the famihes in parallel columns, so spaced 
that the atomic weights increase uniformly along the rows ficom Icfft to nght 
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as well as down the columns from top to bottom For mstance, if we take 
the first fourteen elements known m the middle of the mneteenth century, 
excluding hydrogen, we can arrange those with the same valency m parallel 
columns, as follows 


1 

Lithium 

6 9 

Sodium 

23 0 (Potassium 39 1) 

2 

Berylhum 

9 1 

Magnesium 

21 3 (Calcium 40 0) 

3 

Boron 

10 8 

Alumimum 

27 1 

4 

Carbon 

12 0 

Sihcon 

28 3 

6 

Nitrogen 

14 0 

Phosphorus 

31 0 

6 

Oxygen 

16 0 

Sulphu’* 

32 0 

7 

Fluorme 

19 0 

Chlorme 

35 5 


The resemblance of any clement m this first set of sixteen is much gie<?ter 
towards its tv/m with the same valency than towards any of the otliers Thus 
hthium, a metal which is present m a few rather rare mmerils (e g petahte), 
decomposes water like sodium to form a soluble hydroxide Sihcon, whose oxide 
S 1 O 2 or sihca is the chief constituent of quartz and sand, is umque m formmg 
a large number of compoimds correspondmg to the orgamc carbon compounds 
dealt with in the next chapter Fluorme, like chlorme, forms a very strong 
acid with hydrogen Boron is not a metal, but alumimum has characteristics 
which are not typically those of the common metals, its oxide is both feebly 
basic and feebly acidic^ formmg salts like alumimum sihcate (the chief 
constituent of clay and felspar) and sodium alummate (on account of which 
It IS corroded by alkahs) In order of atomic weight the fifteenth element 
would be potassium which nghtly falls next to sodium, and then comes 
calaum which has more m common with magnesium than with the others 

Proceeding m this way we can arrange the elements known at the time of 
Mendeljeff m columns headed by hthium, berylhum, etc , arrangmg the 
columns m order of atomic weight with the heaviest at the bottom, and 
leavmg gaps so that the atomic weights increase regularly from left to nght 
as well as from top to bottom This is what Mendeljeff did, making an 
eighth column for a group of metals mcludmg iron with no representatives in 
the higher rows The importance of the arrangement (p 487) was shown 
by two things The first was that m several cases of rare elements, e g indium, 
which were httle known at the time, the assigned values of the atomic weights 
were wrong To fit them into the table they had to be given atomic weights 
which were diflFerent multiples of their combining weights, as afterwards 
confirmed by more thorou^ mvestigation The second is that the gaps 
began to be filled up with elements previously unknown, and the table 
assisted m their discovery by directmg attention to therr outstanding proper- 
ties m advance 

The discovery of the heavier ‘*mert gases” illustrates this use of Mendel- 
jeff^s rule During an eclipse in 1868 a new element was detected by a promi- 
nent orange Ime m the spectrum of the sun’s atmosphere* Smee it did 
not correspond to that of any known element it was called Hdnm. In 
1882 It was again recognized m the flame spectrum of Vesuvius— this time 
on our own earth AJbout 1804 Ramsay took up a problem which had been 
raised a century earlier by Cavendish. When CO,, etc , have been 
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Atomic weights are given conect to three significant figures Hydrogen and the uue earth elements between I anthannin and 
Hafnium are omitted * Colwnbmm is also called Niobium (Nb) 
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removed from air the residual mtrogen is somewhat heavier than mtrogen 
prepared from mtrates (about J per cent) If this residual mtrogen is removed 
by means of heated magnesium and qmcklime (or sparking with Og to convert 
It into oxides which are easily absorbed) there is a residue (about 1 per cent) of 
a heavier mert gas which Ramsay called aigon On exammmg the ‘‘occluded 
mtrogen” of radioactive imnerals, Ramsay foimd it was mainly composed of 
another mert gas whose spectrum proved that it was the sun-element hehum 
These two elements did not fit mto the existmg Periodic Table They required 
a new column m which, presumably, other as yet undiscovered elements 
would fit A search for them was made, and it was thought that traces of 
them might be present, like argon, m air Subsequent hquefaction of air led 
to the filling of the gaps m the new column by a class of five gases, hehum, 
neon, argon, krypton, and xenon AH of these gases can be prepared from 
hqmd air Hehum is also obtainable m the gas from certain sprmgs (e g 
8 to 10 per cent at Sautenay), or bypulvenzmg certam mmerals, e g monaztte 
sand 

Hehum is the second hghtest element, bemg only twice as heavy as 
hydrogen — ^less than a sixth as dense as air Bemg neither inflammable noi 
corrosive it is speaally smtable for dirigibles Several recent disasters have 
resulted from the cnmmal irresponsibihty of usmg hydrogen Argon bemg 
mert is speaally useful for filling electric bulbs, smee it does not wear away 
the hot filament The other mert gases have recently assumed a prominent 
r61e m everyday life as advertismg signs If a mmute quantity of an mert gas 
IS put m a vacuum bulb a characteristic coloured glow is obtamed when an 
electric current is passed through it (p 761) Argon and hehum give white 
and gold, and neon a bnlhant orange red With the addition of a trace of 
mercury vapour a bnght blue results If this is filtered through uramum glass, 
a "green hght is obtamed 

When the Periodic Law was put forward there were several conspicuous 
gaps m the middle of the table such as those now occupied by scandium and 
gallium m the boron-aluimnium family, and by germamum m the same 
family as carbon and sihcon Thus m 1870 it was possible to prescribe the 
followmg properties of an unknown element (then called “eka-sihcon”) with 
A W about 72 , specific gravity about 5 5, of greyish colour, formmg a white, 
shghtly basic oxide XO 2 decomposed by sodium and having a specific gravity 
4 7 , formmg a chlonde Xa 4 with boiling pomt just below that of water and 
twice the specific gravity, a sohd fluonde XF 4 , and an alkyl denvative 
X(C 2 Hs )4 boihng at 160^" and very shghtly below the specific gravity of water 
All of these were precisely realized by the discovery of Germamum (A W 
72-6) m 1887 

The law which Mendeljeff announced is only the germ of a more precise 
generahzation As stated by him it asserts that the properties of the elements 
and their compounds are a periodic function of their atomic weights When 
due allowance has been made for inaccuraaes, which were current m his tune, 
there are still three pairs of elements which do not fit perfectly Accordmg to 
the best modem determinations argon has the atoxmc weight 39 • 9, and potas- 
sium, which ought to be the next element after argon reading the table from 
left to right, has the atomic weight 39 1 With the exception of these three pairs 
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(argon-potassAum, tcliurium-.ocLne, cobalt-nickel) the 90 odd knovi-n terres- 
trial elements form a coherent series m conformity with Mendeljeff's original 
declaration The present position is that the properues of the elements and 
thciT compounds clearly a periodic function of some aspect of the size or 
comple Aty of the atom This complexity is m some way very closely related 
to atomic To dscuss it m greater detail would cany us beyond the 

allotted tasl of this hooU 

BEYOND IKE PERIODIC LW 

The atomic theoiy embodied, m tne Periodic Taole of the elements is the 
basis of nearly ail calculations essential to the conduct of modem chemical 
manufacture Theoretical chemistry is once more m a state of active grovoh 
New knov ledge of electricity and of X-iays (see Chapter XV) has led to the 
conclusion that the atoms of chemical manofacture are themselves compoimds 
of smaller particles Nmeteenth-century chemists succeeded m makmg a 
workmg model of reactions used m chemical mdustry by showmg how the 
more familiar properties of substances are related to the number and arrange- 
ment of atoms m the molecules or firee particles of gases and solutions 
Twentieth-century chemistry is making models which show how the periodic 
properties of atoms of different element depends on the number and arrange- 
ment of sub-atomic particles 

The sub-atomic models of to-day have been suggested by discoveries about 
the radioactive elements, the conduction of electricity through gases and the 
production of X-rays Radioactive elements, such as radium, uramum, and 
the thorium of gas mantles, have two outstanding pecuhanties One is that 
their compoimds are photochemically active, le can blur a photographic 
negative m the dark The other is that they can tomse (p. 761) gases, i e 
discharge a neighbourmg electroscope without contact The first phenomenon 
occurs even if plate or film is enclosed in a black cardboard box So they 
give up somethmg which will penetrate opaque objects. The extent to which 
the two phenomena are affected by screening, by a neighbourmg magnet, 
and by the presence of electrified bodies, differs. What they give up is 
complex. 

The emanation of radioactive substances can thus be split mto three parts 
One firacuon can be eliminated by screenmg with a sheet of paper It is drawn 
away by the poles of a strong magnet and pulled aside by a n^atively electri- 
fied plate .This suggests that it is made of positively electrified particles The 
spectroscope shows that they are hehum atoms, positively electrified like the 
hehum atoms m a glowing discharge tube (p 761) The second fraction is 
more penetrating It is also sensitive to a magnet, and is pushed away by the 
presence of a negatively electrified plate This suggests that it is made of 
negatively electrified particles These particles called electrons (p 763) are 
much smaller than any atoms The third fiaction is most penetrating It is 
not deflected by the presence of a magnet or of an electrified body 

Just as a di&action grating separates a visible beam mto bnght and dark 
bands, mineral crystals produce mterference of the gamma rays^ or third 
fraction of lonizmg and photo-acuve emanation So it is possible to assign a 
wave-length to them Gamma rays pass, like hght, through a vacuum, and may 

qkc 
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be regarded as actmic rays of much smaller wave-length than the ones near 
the violet end of the visible spectrum 

Like dry fused electrolytes rarefied gases will conduct electricity supphed 
at high voltage For reasons given m Chapter XV, this is because the atoms 
of an ionized gas break up into electrically charged particles, of wtuch the 
negative ones (electrons) are of much smaller dimensions than the atom itself 
When the stream of electrons in a discharge tube (pp 7bl-*7f)‘>) strikes a 
surface, photo-active lonmng radiations of still smaller wave-length than 
gamma rays are eimtted The wave-lengths of these X-rays differ accordmg 
to the substance which the electrons strike 

If the elements are arranged m a certam order, a simple rule connects the 
wave-length (W) of the X-rays which they enut with the number (N) 
correspondmg to their position on the Lst The product WN® is fixed The 
position {atomic number) of the elements m this hst is nearly the same as 
their position when arranged m ascending order of atomic weight 1 he only 
difference is that the exceptional pairs (argon and potassium, etc) of the 
Periodic Table are reversed There is no exception to the rule that the pro- 
perties of the elements are a periodic function of their atomic numbers 

Bnefly then, the new sub-atomic models were ongmally constructed to 
take account of three classes of phenomena First, the positively electrified 
particles given off by radio-active elements, i e positively electrified heUum- 
atoms Second, the fact that m contradistinction to the negative particles, 
which are extremely mmute by comparison, the positively charged particles 
of an lomzed gas are approximately as heavy as atoms of the same gas Thirdly, 
that the X-ray frequency of emission when these negative particles strike 
the surface of an element is closely connected with its atomic weight, and still 
more closely with its chenucal properties 

A fourth fact of great importance m connexion with the new theories is 
that atomic weights detenmned by the ordinary methods are usually very 
nearly whole numbers Some elements can be separated mto fractions called 
isotopes with different atomic weights, and similar chenucal properties The 
atomic weights of isotopes are always whole numbers Chlorme from natural 
sources can be separated by repeated diflftision mto two such fractions Their 
atomic weights are respectively 35 and 37* They are scarcely distinguishable, 
except m so far as they diffuse at shghdy different rates on account of their 
different densities 

One atoxmc model which bnngs most of the known facts together is like a 
celestial system with a sun (nucleus) and planetary electrons revolving round 
it* The nucleus which has a positive electrical charge balanced by the total 
charge of all the planetary electrons may be composed of smaller positive 
particles (protons) and less numerous electrons Its net positive charge 
correspond to the excess of protons over the nuclear electrons If the number 
of protons is />, the total number of nuclear and planetary electrons must be 
p So, if there are n planetary electrons, there must be nuclear ones The 
weight of the atom is supposed to correspond to the total number (p) of 
protons m the nucleus* The atomic number corresponds to the number 
(p-Ti) of protons in excess of nudear electrons, md therefore to the number 
of planetaiy electrons (n) which make up the defioency* To account for the 
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eight penods of atomic numbers the maximum number of electrons m an 
orbit IS supposed to be eight The chemical properties of an element are 
supposed to depend partly on its atomic weight, and more especially on the 
number of planetary electrons From all this it follows that two atoms of 
different density, like the chlonne isotopes, may have the same atomic 
number, and therefore similar chemical propemes Conversely, they may have 
the same atomic weight and different chemical properties 

The discoveries of the last thirtj^ or forty years do not dimmish the useful- 
ness of the older theones in iheir proper sphere They will long contmue to 
be the basis of chemical industry That the elements of Avogadro^s theory 
may be made up of atoms of shghtly different density is not a surpnsmg fact 
A physical anthropologist might divide the employees of an American railway 
into negroes and whites Everyone would know what he meant From his 
pomt of view, negroes and whites constitute defimte units An educatiomst 
imght divide the same lot of employees mto college graduates and non- 
graduates A sociologist might divide them mto trade umomsts and non- 
umon labour Agam, everyone would know that the educatiomst and soao- 
logist were descnbmg umts of human population as defimte as those of the 
ethnographer Only eugemsts would be surpnsed to learn that some negroes 
are college graduates, and some white men are blacklegs An element of 
mneteenth-century chemistry was a collection of materials from different 
sources classified from a defimte pomt of view It had certam charactensncs 
of state, hardness, elastiaty, conductivity, heat capaaty, colour, form, 
odour, and so forth Less attention had been paid to its behaviour m the 
flame of a spectrometer, and its reaction to X-rays or to electrons had not 
been studied at all Sudi were the hmitauons withm which the element of 
mneteenth-century chemistry was classified as a umt of matter From the 
standpomt of ethnology a negro is a black man with curly hair and thick hps 
He may be a umversity graduate from the standpomt of an educatiomst, a 
trade umomst or a teetotaller from the standpomt of sociology, or a gentleman 
from the standpomt of ethics So also a substance may be one dement from 
the standpomt of contemporary chemical mdustry, and a collection of isotopes 
from the standpomt of the Cavendish laboratory 

The truth of mneteenth-century chemical theones was circumscnbed by 
limitations of two kmds Besides the hmitauons due to the kmd of properues 
used for dtsunguishmg elements, there were other hmitauons due to the 
choice of the materials studied The fundamental experiments were based on 
che behaviour of matter m the gaseous state and m soluuon While it could 
tell us much about reacuons tetween gases and soluuons, and reacuons which 
occur at the surfrce of sohds, where there is a film of vapour, it could tell us 
nothing about the make-up of sohds It could give us a model showmg how 
ozone differs from ordinary oxygen. It could not give us a model showmg 
how coke differs from diamonds The use of crystals as gratings for studymg 
the wave-length of X-rays has led to a new model of the way m which the 
parddes of sohd substances are spaced Such models shed fresh hght on the 
strength and hardness of materials. At present the chemistry of the sohd state 
is m Its mfency. Eventually it may transform the mdustry of building which 
still rehes lar^y on structural materials used by the first aty dwdUers of 
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Mesopotamia and the Nile We may use the new chemistry to build a new 
life for mankmd or the old chemistry to exterminate the human race 

EXAMPLES ON CHAPTER IX 

1 If 100 c c of carbon monoxide measured at standard pressure and tem- 
perature are burned m 600 c c of air, what will be the volume of the residual 
gas measured {a) over mercury, (h) over a solution of caustic soda or lime at 
STP ? 

2 If 500 c c of chlorme and 200 c c of hydrogen (both measured at S T P ) 
are left to combine m sunlight, what will be the final volume of residual gas 
measured over paraffin at S T P ? 

3 If 500 c c of ammoma (NHg) are mixed with 600 c c of hydrochloric acid 
gas (HCl), what will be the volume of residual gas measured first ovei paraffin 
and subsequently over caustic soda? To what do you attribute the presence of 
a cloud of white particles m the gas? 

4 What will be the residual volume of gas measured over a drying agent 
at S T P , if 400 c c of hydrogen are exploded with 500 c c , 750 c c , 1,500 c c 
of air (2 1 per cent oxygen) at S T P ? 

5 In a graduated cylindrical vessel of 10 sq cm sectional area 200 c c of 
hydrogen are sparked with 125 c c of air over sulphuric acid (specific gravity 
1 8) at atmospheric pressure (76 cm mercury barometer) The residual gas after 
absorption of water vapour by the acid measures 250 c c when the cylmder is 
depressed till the flmd is at the same level inside and outside How high did 
the sulphuric acid nse m the cylmder after sparkmg? 

6 Given that 1 mol of any gas occupies 22 4 htres at S T P , compare the 
values of R m the equation pv =* nRT^ 

(a) when the units are atmos and htres 

(5) when the umts are dynes per sq cm and c c 

Ic) when the umts are cm mercury and c c, 

7 The relative densities of prussic acid, which is a compound contammg 
hydrogen, carbon, and mtrogen only, and of carbon monoxide (formed by 
burning excess of carbon m oxygen) are respectively 13 5 and 14 V(^t are the 
only molecular formulae consistent with these figures and those for the atomic 
weights of the elements m these compounds? 

8 Two oxides, one of carbon and the other of mtrogen, both have the same 
relative density of 22, Give their formulae and calculate their percentage com- 
position by weight, 

9 The relattve density of sulphuretted hydrogen is 17, It is twice as dense as 
ammoma What are the only formulae for these two substances consistent with 
the knowledge that one is a compound of sulphur and hydrogen, and the other 
of mtrogen and hydrogen? 

10 If 100 c c of carbon monoxide (CO) is burned m a closed space contam- 
mg a htre (1,000 c,c ) of air and quickhme, what is the final volume of gas, and 
Its percentage composition by volume? The air may be taken to contain 2 1 per 
cent ox3?gen by volume 

11 At 140° C an oxide of mtrogen which has a deep brown hue is found 
to have a relative density of 23, When it is cooled below 30° C it becomes 
nearly colourless and progressively more dense Its relative density approaches 
a value of 46, as it is cooled further Analysfc shows that no free mtrogen or 
oxygen are present What conclusions do yow^lraw? If the relative density at 
28° C (referred to hydrogen at the same tempesmture) is 39, what is the com- 
position of the nearly colourless gas at that temperature? 
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12 Find the rormulae of the following substances from the vapour densitj^ 
(V D ) and percentage composition weight as given below 


{d) Nitric Acid V D 315 

ijb) Ammoma V D 8 5 

(c) Chloroform VD 59 75 

(d) Acenc Acid V D 30 

ifi) Glycerine V D 46 
Q') Forinaldeh\ ae V D 15 

(g) Acetone V D 29 

Qi) Methyl Cyamde V D 20 5 

(«) Carbohc Acid V D 47 


Hydrogen 1 Nitrogen 22 2^ Oxygen 
76 2 

Hydrogen 17 65^ Nitrogen 82 35 
Hydiogen 0 8^ Carbon 10, Chlorme 
2 

Hydrogen 8 7, Carbon 40^ Oxygen 
53 3 

Caibon 39^ Hydrogen % Oxygen 52 
Hydrogen 6 7, Carbon 40, Oxygen 
53 3 

Hyarogen 10 3 Carbon 62 1, Oxygen 
27 6 

Hydrogen 7 3 Carbon 5G 5, Nitrogen 
34 2 

Hydrogen 6 i, Caibon 76 6, Oxygen 17 


13 Alter contmuous sparking through 100 c c of pure oxygen, the smell 
of ozone is detected and the volume is found to have contracted to 98 c c 
Ozone, unlike oxygen, is aosorbed by turpentine When shaken with turpentme 
the gas occupies only 94 c c and the smell of ozone is no longer detected 
How is this explamed? Use your explanation to calculate the percentage ozone 
content of a mixture of which 100 c c expand to 101 c c when exposed to 
platmum black which decomposes ozone 

14 If 1 gram of hydrogen at 0° C and 760 mm pressure occupies 1 1 2 litres, 
how many grams of sulphur must be burned m 50 htres of air to absorb all the 
oxygen m it? 

15 Illustrate the laws of reciprocal and multiple proportion by the foUowmg 
analyses givmg percentage composition of chlorides, oxides, sulphides, and 
hydrides Give the combining weight of each element takmg hydrogen as 
umty 


Substance 

Hydrogen 

Oxygen 

Chlonne 

Sulphur 

Metal 

Copper oxide 

■ ■ 

20 1 

^ 

■ 

79 9 

Water 

11 2 

88 8 

— 

— 

— 

Magnesium oxide 

— 

39 7 

— 

— 

60 3 

Iron (ferrous) oxide 

— 

22 2 

— 

— 

77 8 

Mercury oxide 

— 

7 4 

— 

— 

92 6 

Hydrochloric acid 

2 7 

— 

97 3 

— 

— 

Sulphuretted hydrogen 

6 9 

— 

— 

94 1 

— 

Magnesium chloride 

— 

— 

74 5 

— 

25 5 

Copper chloride 

— 

— 

62 7 

— 

47 3 

Silver chloride 

— 

— 

24 7 

— 

75 3 

Mercury sulphide 

— 

— 

— 

13 8 

86 2 

Sliver sulphide 




22 9 

77 1 


16 The density of a substance is found to be 38 times that of hydrogen at 
the same temperature and pressure Its percentage composition is 84 25 per 
cent sulphur and 15 75 per dent carbon What is its formula? 
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17 One mol of any gas at S T P occupies 22 4 litres If the formula of 
potassium chlorate is KClOg, what weight and what volume of oxygen at 10® C 
and 750 mm pressure may be obtamed from the decomposition of 20 grams 
of It? 

18 The molecular weight of ammoma is 17 03 Takmg the atomic weights 
of hydrogen^ mtrogen and oxygen as 1, 14, and 16, assummg that the molecule 
of each of them contams two atoms, and takmg the percentage of oxygen m air 
as 21, what is the density of ammoma referred to an ^ 

19 The percentage composition of an orgamc compound is hydrogen 6 3, 
carbon 40, oxygen 63 3 Half a gram gave 327 b c c of vapour at 200® C and 
750 mm pressure What was its molecular formula? 

20 If 80 grams of gas given off from the electrolysis of water occupied 
60 litres at 17® C ^ what were the partial pressures of oxygen and hydrogen^ 

2 1 What volume would 40 grams of oxygen occupy at 2 atmospheres pres- 
sure and 27® C ? 

22 What pressure would 40 grams of cane sugar dissolved m 1 htre exert at 
27® C > 

23 The formula of urea is CONj>H 4 At 10® C the osmotic piessure of a 
water solution of urea is 500 mm of mercury If the solution is diluted to 10 
times Its former volume, what would be its osmotic pressure at 15® C ? 

24 The osmotic pressure of a solution of 0 184 gram of urea in 100 c c of 
water at 30® C was found to be 56 cm of mercury Calculate from this its 
approximate molecular weight 

26 A solution of 1 mol of potassium bromide (KBr) m 8 litres of water at 
25® C is 82 per cent dissociated mto ions What is its osmotic pressure > 

26 A solution contammg 1 9 mols of calcium chloride (CaClg) is m osmotic 

equihbrium with a solution containing 4 05 mols ot glucose If the formula 
of glucose IS what is the percentage lomc dissociation of the salt> 

27 If 1 mol of acetic acid (CgH^Oa) and 1 mol of ethyl alcohol (CgH^^O) 
are heated in the presence of a catalyst the reaction proceeds nil 1/3 mols 
acetic and 1/3 mols alcohol remam If we start with (a) GO g of aad and 
92 g of alcohol, (J>) 60 g of acid, 46 g of alcohol and 18 g of water, (c) 88 g of 
ethyl acetate and 64 g of water, how much ethyl acetate will be formed after 
long boiling? 

28 Iron and steam react according to the *‘equanon** 

3Fe + 4 H 2 O 

In an experiment the pamal pressure of steam and hydrogen in equilibrium 
at 200® C were 4 6 cm and 96 9 cm (mercury) respectively What is the 
presstire of hydrogen m equilibrium with it, when the parnal pressure of the 
steam is 9 7 cm ? 

29 If iron is heated at 200° m a closed vessel with steam at a pressure of 
1 atmos i use the data of the last example to find the partial pressures of steam 
and hydrogen, when no further reaction occurs 

30 Amyl alcohol and tncbloracetic acid react to form amyl trichloracetate as 
follows 

COg COOH + CgH^OH « CClgCOOCgH^ 

At 100® C a mixture m equilibrium contams 3 846 mols amyl alcohol, 0 6594 
moh acid and 2 111 mols of ester per litre If it had started with 1 mol of 
acid and 4 48 mols of alcohol m 638 c c at 100®^ what would be its com- 
position at equihbnum? 
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31 At 2000° C under atmo^phenc pressure 1 S per cent of carbon dioxide 
IS broken down into ox^^geii ana carbon monoMce as follov s 

2CO, = 2CO + O, 

What IS the equilibrium constant of the react^cn ar that tcirpeianre expressed 
in pressures (atmos 



CHAPTER X 


THE LAST RESTING PLACE OF SPIRITS 
A Plarjted Economy oj Carbon Compounds 


Thl nse of one great chemical industry — gas manufacture — followed unme- 
di upon the uctroducoon of coal as a source of power and the utilization 
ot coal for metallurgical operations Coal gas itself is a mixtuie, mainly of 
four inflammable constituent*! in varymg proportions of which the following 
figures ma^ be taken as typical hydrogen 50 per cent, methane (CHj) 
3ti per cent, carbon monoxide (.CO) 10 per cent, and various hydrocarbons 
such a'j btmcne (C^Hg) and ethylene (CgHj) 6 per cent The residual content 
includes various oAer gases, such as ammoma (NHg) which is now removed 
for manufacture of mtrogenous fertilizers What is supphed as “coal gas"’ 
IS not alvvavs tlie gas which is emitted from coal when heated It is ofren 
mixed with teaser gas, prepared by passmg steam ov'er the residue or coke 
vvluch IS left after the coal gas has been distilled off When steam, which 
IS lijdrogeu oxide, is passed over coke (which is comparatively pure carbon) 
It IS reduced hke a metalhc oxide An inflammable mixture of hydrogen and 
carbon monoxide is produced thus 

HaO + C->H, + CO 

The introduction of coal produced a profound change m what the biologist 
would call the ecological relations of mankmd Stores of dead orgamc material 
were substituted for products of hvmg organisms previously used as fuel 
(wood or charcoal) or as illummants (t^ow, bees-wax, whale oil) This dis- 
placement was earned further by the emergence of two other industnes, 
shale oil (1848) and Amencan petroleum (1869) The distilUtion of shale 
furmshed a source of oils (“paraffin”) for heatmg and lUmmnaaon, lubn- 
cating oils, and waxes These superseded the use of anim al and vegetable 
fats From crude petroleum, m addition to volatile oils which proved to be 
so important m the later development of the mtemal combustion or gas 
engme, vasehnes, sohd waxes, and pitch for road making were also obtamed 

In the meantime other uses had already been found for coal itself Besides 
the gas distilled over and the coke r emaining when coal is heated, vapours 
mixed with the gas condense m the tubes and contamers after coolmg 
The crude mixture which condenses first is called coal tar To begm with. 
Its appearance w?as regarded as an madental nmsance, because it dirtied 
the pipes Chemists-were set to work on it, at first mote m the hope of gettmg 
nd of It than of osmg it. Coal tar is now the basis of the great chemical 
industries of dyes, disinfectants, modem ei^losives, synthetic perfumes, 
dmgs, and S 3 mihetic resins By heating, it can be separated mto fractions 
of decreasmg volatihty The laght Oil whidi vaporizes at the lowest tem- 
peratures 18 mainly a mixture of sutetances known as benzene, toluene, and 
xylene The Middle Oil is a mixture of which the chief constituents are 
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phenol or carbolic acid (as cell it m domestic mse) and naphthalene (moth 
balls) The Heavy On composed of substances c^ed cresols is used for 
^vniier sprains m ficit culture Autbiacene Oil, the least volatile fraction, is 
so couiea because it is niamiiy mede up of s substance caiZec anthracene The 
final residue is ptten Tius no"v an mg^edient of asphalt wised in road 
making, the techniqize of wiucu bad continued unchanged in essentials from 
Neolitmc times tul the introduction of coal 
The chemical study of me coal tar derivatives found m these fractions 
and of compounds easily denied from them progressed rapidi\ after the 
’fifties, ^^hen Perkm disco\erea how to make a cloth dve, ®^iname,” from 
impure arulme Till then the dyemg of all textJes had been earned out with 
plant jmces like madder, ‘ giam, or inoigo, and animal escretions like the 
Tynan purple of antiquity In 1868 two German chemists synthesized 
“alizann,” the colounng matter of the madder plant from anthracene Withm 
a decade the madder industry of France was rumed The synthesis of mdigo, 
then a vegetable dye imported from India, soon followed Several thousands 
of these S3rathetic dyes are now produced 

Traditional medicme succumbed m the same way as traditional dyemg 
The old herbahsts had relied exclusively on the native products of the livmg 
plant to concoct preparations sometimes with genuine but more often with 
supposititious benefits The manufacture of useful antifebrile drugs, phena- 
cetm, saiicyhc aad, aspirm, and antifebnn, followed as soon as the chemical 
constitution of the simpler active constituents of medicmal herbs had been 
established, A new class of more powerful explosives, of which trmitro- 
toluene or T,N.T is an example, emerged as another by-product of coal 
tar chemistry The antiseptic properties of coal tar stimulated the search for 
new antiseptics of which crude ‘^carbohe aad” was one of the first to be 
mtroduced Today coal tar is the source of synthetic scents, synthetic anti- 
septics, anaesthetics, synthetic narcotics and soporifics (like veronal), ex- 
plosives, synthetic resms, as well as the enormous variety of synthetic 
pigments These substances do not exist because coal tar itself has umque 
or miraculous resources The reason why we can put coal tar to so many 
uses is that when we know how the orgamc molecule is built up, we can 
generally make it from the dismtegration produas of any orgamc material 
All the primary products of the coal mdustry, except the free hydrogen 
and traces of ammoma, etc , present m the coal gas, are compounds of carbon 
What IS called orgamc chemistry to-day, the chemistry of the carbon com- 
pounds, IS mainly the outcome of putting cheimsts to work on coal tar. 
A new trade m chemical fertilizers (Chapter XIX) was also built on^the 
utilization of traces of ammoma m coal gas itself Pre-CTi, s t m g mdustnes 
had already conspired to nurse the study of the carbon compounds before 
the extensive exploitation of coal tar began in the latter half of the nme- 
teenth century. The chemistry of sugar manufacture, of wme fermentation 
and of brewing have been mentioned m previous references to the ongmal 
programme of the Royal Society At the end of the aghteenth century the 
beet sugar mdustry had broken the monopoly of the American sugar cane 
by direct apphcation of new knowledge conce rning tiie chemical charac- 
tenstics of the sugars. Durmg the first half of the mneteenth century the 
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expanding export ^me industry of France (vide Chapter XVIII) provided a 
pov erful stimulus to the stud> of alcohohc fermentaaon, to the production 
of Mnegar, and to cr>’staIlographic researches on tartaric aad 

In a pnvate communication Air Alackie, who has studied the history of 
sugar taxation, f<\es the follow^g details of the nse of the sugar industry 
The original sugar cane v^as a tall rank grass mdigenous to the Ganges basin, 
whence it *-prcad to Southern China The Chinese Government sent students 
to Behar (mca ad OtS) to studv culavation and m anufacture Ongmally 
canes were crushed for juice, which was then evaporated Refinmg of syrup 
was earned out from the eighth century onwards m Persia There was an 
extensive Arabic trade m white sugar from the tenth century Cultivation 
thus spread *0 Spam, Eg\T>t, and S>m, where crusaders became acquamted 
with It Its supposed medicmal use m lung disease mterested Arabic physi- 
cians m chemical methods of refinmg it Under Kubla Khan chemists were 
sent from Eg\pt to mstruct the Chmese m sugar refining The European 
trade dates from the fourteenth century, when sugar cane was cultivated m 
Sicily and carried by \^enetian traders from the Levant Thence followed a 
European trade m confectionery, su^ candy, etc , perfumed with essence 
of roses, Molcts, etc Henry the Navigator cultivated it m Madeira After the 
discovery of America, Portuguese plantations were transferred to Brazil, 
Guiana, and the West Indies This was partly because of the climate and 
partly for getting cheap labour 

Sugar was classed w^th nee, almonds, and dried frmts as spice m early 
records of the Grocers’ Company engaged m Venetian barter trade Two 
refinenes were set up m London m the middle of the sixteenth century 
By 1650 there were fifty Enghsh refinenes About 1740 Margraf obtamed 
sugar from beet juice. His pupil Achard improved the extraction process 
Fredenck William III of Prussia cultivated beet on his estates, and set up 
factones for Achard m iSOl. After the naval blockade of French ports by 
Bntam m 1807, Napoleon ordered the plantmg of 80,000 acres of beet 
Schools were set up for teachmg the techmque of sugar manufacture, and 
a flourishing French mdustry developed Dunng the Tomes the French beet 
mdustry practically monopolized the sugar trade of France 
^It IS convenient to separate the study of the carbon compounds ftom the 
study of others for two reasons. One is that carbon forms a prodigiously 
large number of compounds, the mulnphcity and complexity of which is a 
fundamental condition of the complexity of livmg organisms The other is 
that the methods of preparation and synthesis employed m the study of 
this enormous assemblage of carbon compounds are peculiar. In studymg 
mineral compounds three mam types of chemical reaction are employed* 
separaaon by heat mto a volatile and non-volatile portion as m the reduction 
of an ore or formation of quick limes decomposition by the electrical current, 
and preapitation m solution through the free mteraction of electncally 
charged sub-molecules or ions. None of these three methods is used much 
m stud3^ carbon compounds If sohd they are nearly always volatile They 
are raray electrolytes, a$ are most soluble mineral compounds. So, unlike 
electrolytes m solution, they react very slowly and usually require a catalyst 
to help them to do so This means that the chemistry of carbon compounds 
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maml} depenas oa the coal tai aiethoa ALittues are heated and distillates 
are collected at diJSferent temperatores The process is repeated till fractions 
of constant ooiLsig point, tne pare constituents^ are obtained 

This practical cLstincnonj i.t'inch emerges vhen \ie seek leal knowledge 
bearing froit m action, is ven different from one v\mch philosophers 
had already made, when the carbon compounds \veie merely obiects of idle 
curiosity Long after it had been shown that the cat bon diOviae produced 
in our tissues and exhaled in our oreaih can be S 3 mthesized from atmospheric 
oxj^gen and carbon, the carbon compounds centmued to proMde a refuge 
for animistic beliefs which obstructed the progress of earij chemistry One 
stronghold of superstition was the process of feimentation Tne chemical 
study of sugar, wmch preceded the oeginiung of the beet mdastry^ at the end 
of the eighteenth century , th*ew^ a flood of Lghi on one of the oldest chemical 
mdustnes Although manisind nad been usmg cataly^tic processes in baking 
and brew mg for many miUeimia, the nature of fermentation was sorroanded 
by mystery till the middle of the mneteenth cennuy The Arabs had dis- 
tilled a ^‘spirit ” — alcohol or spirits of wnne — which was Known as the “acti\e 
principle” of mtoxicatmg liquors Subsequently Black had shown tliat the 
bubbles given off m fermentation are *^fixed air ” Farther msight mto what 
goes on during fermentation was checked by absence of knowledge about 
the nature of yeast before there were good microscopes to re\eal the yeast 
organism, and ignorance about the chemical characteristics of sugar 

Smee sour fruit juices ferment as well as those which are noticeably sweet, 
there was nothmg tb suggest that sugar is the common basis of the reaction 
nil the chemical propemes of sugars were suflSiciently well known to make 
them identifiable m the absence of noticeable sweetness Thus the fer- 
mentation of fruit juices m the absence of yeast appeared to be ^‘spon- 
taneous ” About the time when beet sugar was first made, Lavoisier suggested 
— vwthout proving — ^that the essence of fermentauon is the decomposmon 
of sugar Although the cheimcal sequence of events mvolved (see p 474) 
was disclosed soon after this, the discovery of the part played by the yeast 
orgamsm served only to thicken the air of mystery — ^the aura vitalis — ^and to 
discourage the hope that fermentation is a chemical model for human m- 
genmty to mutate. 

This aix of mystery which surrounded the process of fermentation left 
open a last shelter for spiritual agenaes m the realm of chemical combma- 
tion The useful distmcnon between carbon (“orgamc”) and mineral (“m- 
orgamc”) cheimstry became a barren metaphysical dogma So strongly was 
dogma entrenched that the great chemist Henry could wnte m the second 
decade of the mneteenth century. 

It IS not probable that we shall ever attain the power of imitatmg nature 
m these operations For m the functions of a living plant a directmg principle 
appears to be concerned peculiar to animated bodies and superior to and differ- 
mg from the cause which has been termed chemical affinity 

In the very next year a German chemist Wohler (1828) discovered that 
urea, the principal orgaiuc constituent of human unne, can be prepared from 
the evaporation of solutions of ammomum csranate, a substance wbach can be 
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built up from its elements carbon, mtrogen, h5^drogen, and oxygen, m the 
laborator> One method is to keep sparkmg mlrogen with carbon electrodes 
hke those of an arc lamp A highl> poisonous gas cyanogen (CgNa) is then 
formed If cyanogen is passed mto a solution of caustic potash a mixture of 
two salts is formed One is potassium cyamde (KCN), a well-known 
poison The other is potassium emanate (KOCN) If the latter is treated vTith 
a concentrated solution of ammommn sulphate, crystals of ammomum 
cyanate (KHiOCN’^ separate out ^’^ohler announced his discovery with the 
declarauon that he could make urea without the help of a man, a dog, or a 
kidney Such aisco\eries drove spints from their last resting place m the 
theory of chemistry 

The transition from the use of hvmg animal and plant products to the 
use of dead orgamc residues such as coal, shale, or petroleum, as sources of 
heat, lUummaUon, drugs, d>es, and perfumes, was soaall> the transition 
from a predommanti} rural to a predominantly urban economy, from the 
green and pleasant land to the dark Satamc nulls of Blake^s poem Techno- 
logically It was the transiuon from the use of substances with high molecular 
weights to substances with low molecular weights The three mam constituents 
of all hvmg matter are classified as carbohydrates^ fats^ and proteins The first 
mclude the sugars, starches, and what is by far the most abimdant orgamc 
matenal m the world, the mam dry constituent of plant tissues such as 
wood fibre, namely cellulose The carbohydrates contam carbon, hydrogen, 
and oxygen So also do the fats, a term which mcludes the animal and vege- 
table ods One class of fats, the lecithins (of egg yolk), contam phosphorus and 
mtrogen as well The proteins all contain mtrogen as well as hydrogen, oxygen, 
and carbon Most of them contam sulphur and many contam phosphorus A 
few contam other elements, such as iron, which is present m the red protem 
pigment haemoglobin of our blood The molecular weight of the simplest 
natural proteins is m the neighbourhood of ten thousand The molecular 
weight of the simplest natural sugar, glucose, is 180, which is three times 
as large as the molecule of common salt and is very small compared with the 
molecule of cellulose The molecular weight of the common fats is m the 
neighbourhood of a thousand Compared with these figures the molecular 
weights of the constituents of coal gas or coal tar are small* The molecular 
weight of methane is 16, and that of carbohe aad, or as we shall henceforth 
call It phenoly is 94 

The orgamc residues of the new economy were thus the bncks and plaster 
of the mdlecules of more complex carbon compounds which exist m hvmg 
bemgs In find i n g how to make substitutes for hvmg products by usmg the 
waste matenal of the coal gas mdustry, the chemist was therefore finding 
how to build with bncks common to any orgamc matter* The social possi- 
bihties of this step go far beyond the madental use of coal itself m a highly 
urbanized society England’s green and pleasant land is not mcompatible 
with the fullest use of scientific knowledge. 

PECUXIARITIES OF CARBON COMPOmmS 

Wohler’s discovery involves one of the characteristics which provides a 
clue to the a maz i ng mulnphaty of the carbon compounds The two com- 
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pounds ammomun c^/anate ana L.rea are both compounds of which the 
moiecv^lar weignt can be easily aetermiaed Both are soluble in water We 
therefore know the corap 3 e\^t^ ana competition of their molecules The 
one passes the othei wilnoat tne formation or adoition of a third sub- 
stance Both hai^e the same percentage composition of laenucall} the same 
elementSs and can be repxesented tay one and the came formula CON2H4 
In what does the difference he^ 

Tne difference between molecules which are mace ap of the same atoms 
or of different atoms m the same proportions ma3^ be of two kmds e have 
aiiead} touened on one of these When we make electric sparks repeatedly 
m ox;^gen the gas becomes more dense Orcim?r\ ovjgen turns mm another 
gas whxch is one and a half tunes as neavy as the oxt^geu in the air or the 
oxygen usually obtamed by heatmg decomposable metallic o^i^des It is 
called ozojte Ozone combmes with carbon to form carbon dioxide and 
nothmg else, just as soot or diamond combme w ith ordinary o\i gen to form 
carbon dioxide and nothmg else So its atoms are the same as the atoms of 
ordmary oxygen, jiist as the atoms of diamond and soot are both carbon 
atoms Ozone differs from oxygen m havmg a molecular weight one and a half 
times as great If we represent oxygen by O25 we must therefore represent 
ozone by O3 The difference between the two gases simply concerns the 
number of atoms m the molecule This cannot be the sort of difierence with 
which we are dealmg m the case of ammomum cyanate and urea Both have 
the same molecular weight 

Two groups of objects may differ with respect to the kinds of them m 
each group, the numbers m each group, and the arrangement m each group 
The difference between urea and ammomum cyanate does not mvolve the 
kmd and number of atoms m the molecules So it can only be a difference of 
anangetnent Although we have not touched directly on the arrangement of 
atoms m a molecule, we have already had a clue We have noticed that just 
as all metalhc chlorides have one or more atoms of chlorine combmed with a 
metal, all metalhc carbonates have the atom cluster or radicle CO3 Just as 
aU the sodium salts have the hydrogen atom of an acid replaced by an atom 
of sodium, all ‘'ammomum** salts have the atom cluster or radicle NH^ of 
the hydroxide NH4OH, which is formed when ammoma NH3 dissolves m 
water CH2O) Thus amm omum chlondens NH4CI, ammomum carbonate 
(NH4)2 CO3, and so on Similarly ammomum cyanate is NH4OCN just as 
sodium cyanate is NaOCN 

The pecuhanty of these radicles is that they are relatively stable collections 
of atoms which go in and out of chemical reactions as a group Hence sub- 
stances m which they occur have common characteristics of chemical 
behaviour For instance, the addition of a calaum salt m solution to either 
ammomum or sodium carbonate results 1131 the precipitation of calcium 
carbonate aud the formation of the sodium or ammomum salt of the acid 
from which the gaTcnim salt was formed (e g + CaCl2 ->■ 

2 NH 4 a + CaC03)* Nearly all ammomum salts are extremely soluble. The 
noteworthy exception is that they form a yellow insoluble chloroplatmate, 
and are therefore precipitated fix>m solution as a yellow powder when 
chloroplatinic acid is added* Besides having different physical properties 
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such as Its melting pomt and the shape of its crystals, urea differs from ammo- 
nium csanate m its chemical behaviour Ammomum salts show the charac- 
teristics of electrols'tes m solution by takmg part m such reacttons and by 
ccnductmg an electric current The ammonium radicle sphts off as an elec- 
tncallv charged sub-molecule or ion Urea is not an electrolyte It fails to 
gi\e a \ellow precipitate with chloroplatinic acid Thus urea does not 
show most characteristics which we associate with the radicle NH4 m ammo- 
mum salts 

The queer t-binc about carbon compounds is the enormous number of 
simple ladicles containmg a carbon atom, such as CO, CN, CNO, CH3, 
COOH, CHO, CHOH, CH^OH, etc Hence it is possible for 
mam compounds with different chemical behaviour to have the same per- 
centage composiuon and the same molecular weight To d i s tin guish them, 
or to tell what sort of substance a carbon compound is, we have to wmte the 
formula so that the atoms are grouped together m radicles A chemical formula, 
as we ha\e seen, is a compact way of conveying a mass of information about 
the physical properties, chemical behaviour, and methods of preparation, of 
a substance In the large class of carbon compounds, the elements which are 
contamed in the molecule of a substance are comparatively unimportant 
Iheir behaviour depends more espeaally on how the atoms are arranged, 
that IS to say, which groups of atoms stick together Hence the formula of 
a carbon compound only contains relevant information about its ongm and 
behaviour, if it mdicates such a groupmg 

For instance, the essential constituent of vmegar, acetic aad, a substance 
which IS a crystallme sohd m a cold room and a colourless hqmd which mixes 
freely with water m a w^arm room, might be represented as C2H40g. While 
this formula would correctly tell us the proportion by weight of its con- 
sutuents and the molecular weight of acetic aad vapour, it would not dis- 
tinguish It from two other substances called methyl formate and glycolhc 
aldehyde Both of these have the same molecular weight and the same per- 
centage composition, but different physical properties, totally different 
chemical behaviour, and different methods of preparation Thus acetic aad 
IS a weak electrolyte tummg blue htmus dye red m solution. Like a nuneral 
aad It IS capable of decomposmg carbonates or combinmg with caustic 
alkahs to form salts such as sodium and calaum acetate, m which one atom 
of hydrogen is replaced by one atom of a monovalent metal. Methyl formate 
and glycolhc aldehyde are not electrolytes They are not adds. They do not 
decompose carbonates or combme with caustic alkalis to form metaUic salts 
So they differ from acetic aad because they have no hydrogen atom which is 
readily replaceable by an atom of a metal As a first step we may therefore dis- 
tinguish aceuc aad as C2HSO2 . H from methyl formate or glycolhc aldehyde 
C2H4O2 This indicates that the radicle C2H3O2 is common to all acetates 
hke sodium acetate Na(C2H302) and calaum acetate CJaCCaHaOa)^, which are 
respectively formed by the action of vmegar on baking powder and chalk. 

The formula CaHsOg H cmly conveys one set of foett about the chemical 
behaviour of acetic acad. For instance, the whole atom cluster C3II3O2 
be combined with various metals just as the atom Q of the aad HQ (or 
Cl H) can be combined with mends m the salts which we ddondes. 
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and these acetates m general oa* e certam common properties just as the 
chlondes in general nc e cer^am common properties As it stands this formula 
gives no ciue vie nnght nunc up acetic ac^d from its elements 

\\lien i£ IS \irntten m ^ne form CH^COO H n suggests se\eral \\a}s of 
b ud di n g up aceuc acid from ns element's wnen fca\e iru-stered one or 
tv^o ouite geneial lules anon wLe heh^ of caxcon compounds 'Khen 
yod have seen iLe reasoi* for ^putting me comp*eu lacLcle C^H^Oj into 
vCH^COO)^ 3Cu v^jLxl see nov*; LuitTni uus demce is For example, it sdovs 
c**! hc\^ ^e could builc ^p aceuc “cic from the medi^ne CH, of co*^! gas if 
we wanted to do co If nnu; chio'-mem SLU'-ngnts motb'^ne cemomes 

to form a series of coinpouiiGs m v hicn one^ cr/o tdxce, or foar atoms of 
hydrogen are replaced by etdorme atoms One of ih^se is cauec: method 
c^oride CHgCl, anomer the famuua* anaestnenc cnloio^orm CHCl^ A 
similar senes of compounds is formed Qy the subsutntion of the clement 
lodme^ which is very closelj related to chlorme m ns croperues One of 
these IS methj 1 iodide CH3I Anomer is the anusepuc locofcrm CHI^ W nen a 
chlorine or lodme den\atiie of a caroon compound *s heatea with pota^sicun 
cyamdcj the chlorme or iodine atom is general!3" reoxaced bv the c\amde 
radicle CN Thus w^e can easily convert methvl looide mm methjl C3amde 
CH3CN The c>amde radicle has a pecuhanty wnicn is \er3 important It 
IS easily broken up by boding m the piesence of water This lesults m the 
formation of ammoma and another radicle For mstance, if we go on boding 
a solution of potassium cyanide itself we get a duEerent salt^ potassium 
formate, which contains no mtrogen Its composition corresponds to the 
formula K CO2H or H CO2K This is the potassium salt of the formic 
acid (H COgHj found in nettles and m the stmg of ants The acid itself can 
be formed m an analogous way by prolonged boilmg of a solution of the acid 
(prussic or hydrocyanic acid) of which potassium c} amde is a salt Piussic acid 
H CN becomes H CO3H, The preparation of either formic acid or potas- 
sium formate might be put m a general way, thus 

X CN + 2H20-^X CO2 H + NH3 

In the same way methyl cyamde when boded for a long whde with water 
becomes acetic aad, thus 

CHgCN + 2 HaO CH3CO2 H + NH3 

Writmg the formida of acetic acid m this way tells us first that it is derived 
from the methane of coal gas by replacmg one of the hydrogen atoms of 
methane CH4 with the radicle CO^ H or as it is more often written COO H, 
because m ceirain circumstances one of the oxygen atoms can be displaced 
Further, it tells us that the substance shares all the characteristics common 
to all compounds with the radicle COOH, 1 e the “orgamc aads ” The 
tremendous economy of this s3rmbolism depends on two facts The first is 
that, smee compounds containing a given radicle have certam common 
characteristics, we can detect what radicles make up its molecule, when we 
have determmed the molecular weight and percentage composition of a 
compound, if its behaviour is fairly well knowm The second is that smee there 
are comparatively few rules about the ivay m which one radicle can be re- 
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placed by another, we can see at once what has to be done to build up any 
organic compound from any other which w^e have at our disposal 

may illustrate this once more by considermg an orgamc aad called 
succmic acid which occurs m fossil wood and amber By its molecular 
weight and composition it is found to be C4H6O4 From its chemical be- 
ha\ lour it is recognized to hd\ e two COOH radicles and may be represented 
as C2H4 (C00H;2 Besides methane, coal gas contains a hydrocaxbon called 
ethylene w’hich is responsible for its luminosity Its formula is CgH^ Ethylene 
combmes to form “addition compounds” with chlorme and lodme represented 
by the formulae CgH^Clg or C2H4I2 (^ethylene chloride and iodide) By heat- 
mg these with potassium cyamde we get C2H4(CN)3 or ethylene cyamde On 
boilmg this we get succmic acid So if we know the radicle formula of succmic 
acid, we see at once that it can be built up from ethylene m a senes of steps 
preasely analogous to those used m building up acetic aad &om methane 
The different behaviour ot ethylene and methane m their reactions with 
chlorine or lodme illustrates a device which is very useful m suggesting 
w hat sorts of radicles are combmed m a molecule When we say that a radicle 
beha\cs like an element m remaining stable through a large variety of 
chemical changes (so that some radicles have been confused with elements 
imtd It has been foimd possible to build them up from elements), we mean 
that the same elements persist as a group m the same proportions by weight 
throughout a senes of reacuons and that, when present as a group m these 
proportions m a compound, they confer special characteristics upon it This 
IS an empirical fact whether we accept or reject the atomic view of matter 
We have not yet recognized any general clue to the circumstances m which 


radicles are formed The recogmuon of such a clue proved to be one of the 
most frmtful developments of the atomic doctrme It depends on the charac- 
teristic called valency (p. 485 ) 

In the last chapter it was said that sodium has a valency of 1, because one 
atom of sodium replace one atom of hydrogen m aads like HaS04 or HQ 
to form salts such as HaHS04, HaaS04, or HaCl X^ikewise calaum is - 2 -valent 
because one atom of it replaces two hydrogen atoms, as m CaCHSOJa, CaS04, 
or CaCla You may look on water as a molecule of oxygen m which one atom 
IS replaced by two hydrogen atoms Thus oxygen is 2 -valent It comes to the 
same thing to say that oxygen is divalent, because one atom of oxygen cannot 
comhme with more t h an two atoms of hydrogen, as m water. Similarly you 
may say that carbon is 4 -valent or quadn-valent, because one atom of carbon 
cannot combine with more than four atoms of hydrogen as in methane (CHJ 
*Ihc valmaes of many elements, as defined m this way, exhibit a consistent 
s^tem of behaviour. Thus one atom of oxygen will combine with two atoms 
of an elem^t hke sodium as m the oxide Na^O, or one atom of calaum as m 
quicklime CaO Many elements form two types of compounds m one of which 
the valency is «, md m the other n -^8. Thus chlorine forms a hydnde HQ 
^ ^ univalent, m the second 7 -valent. 

Althou^ them am many exceptions to this simple rule m the behaviour 

Within those In^ we may say that any radide has a Snite 
ency, and any clement whidi can xq>lace a radicle or a group of radicles 
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beiiaves as if also nad a fiyad valency One atom of the 4 -valent element 
carbon can comb^e vidi t%^o a^oin^ of o'^i^gen eacn of which is equivalent 
to tvo atom's of drogen^ rs m CO, If coriirmes less^ as m CO, the 

resuitmg compoa.na is capa^'Ie oj 7r*o e c as vnen Carbon 

mono''iicte bums m air to foim GOa Tci~c ma;^ p*ctcrfiL} Aepresent the 
difference betv een Jie t^vo o’udes as 

(a) O =- C = O c: - = c == o 

(carbon dio^^de'' caiboa mcnc 

The quesuon maiis repiCseuLS an in^.tai-on uO on mor^ 0 ^ 5 gen Sim*- 
iarh, we may represent metnane end cth^nene PiCtona^h 

thus 

II H H 

I > 

(a) H— C— K (b) H— C— C— H 

! ! ^ 

K ? 

The question mark mdicates that when ethyiene reacts with chlorine it 
simply adds on more atoms to its molecule, forming the add compoimd 
CaH^Clga whereas when methane reacts it can only do so by replacmg one 
or more hydrogen atoms to form siAstttuUon compounds hke chloroform 
(CHag) 

This pictorial device is of very great fhutfulness for various reasons One 
IS that the number of atoms m a simple compound may tell us at once whether 
It forms compounds by addition or substitution A second is that if we can 
spot one radide by the general properties of a compoimd, there may be only 
one possible arrangement of the remaining atoms — ^thus mdicatmg the nature 
of the remammg radicles — or at least a comparatively small number of possible 
arrangements to explore A third depends on a cunous feature which we 
encounter when we classify orgamc compounds 

Carbon compounds may be grouped m various classes distmgmshed by a 
common radicle, such as the radicle COOH of the orgamc acids Inside these 
groups the members form an ascendmg senes of mcreasmg molecular weight 
illustrated by two fatty acids already mentioned Fonmc acid is the simplest 
member of a senes of which the second is acetic acid The difference between 
the two formulae H COOH and CH3COOH is that the second has one 
carbon and two hydrogen atoms (CHg) more than the first Propiomc acid 
(C2H5COOH) differs fi:om acetic m the same way Butync acid (CgH^COOH), 
found m rancid butter, differs firom propiomc aad m the same way When 
these acids are arranged m senal order from the lowest (with least molecular 
weight) to the highest, we find a continuous gradation m their physical pro- 
perties Thus the boiling pomts run as follows 


Formic acid 


. 101® c 

Acetic acid 


118® C 

Propiomc acid 


141® C 

Butync acid | 

« 

155® C 
163® C 
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You will notice at the foot of the list two butyric aads There are^ m fact, 
two substances with the same foimula C3H7COOH and with similar 
chemical properties m so far as they are both acids and both form salts 
contaimng the radicle COO In other respects their chemical properties 
like their physical properties (^melting and boiimg points, specific gravity m 
the liquid state, etc ) are not quite identical The existence of two butyre 
acids IS m accordance with the pimciple of \alency whicii shows as tiiat the 
mono\a^ent radicle GjH^ can be represented in n\o wajs tnus 


H 

H 

H— C— H 

1 

H— C— H 

H— C— H 

1 

j 

H— C— (COOH) 

H— C— H 

1 

1 

H— C— H 

1 

1 

(COOH) 

1 

H 


On the other hand the radicle CgHg of propiomc acid can only be repre- 
sented m one way correspondmg to the existence of only one known com- 
pound of the formula CgH^COOH 


H- 


H 




H 

-&-(COOH) 




Carbon compounds can thus be grouped m two ways First, we can divide 
them and subdivide them mto groups with common properties which depend 
on the possession of the same radide. Second, we can arrange the members 
of each class m a **senes*' m which the complexity of the molecule mcreases 
m regular steps by the addition of one carbon and two hydrogen atoms or, 
if you prefer to put it that way, the replacement of one hydrogen atom by the 
umvalent radicle CH3 We can thus look on every senes as startmg from 
the hydrogen molecule (Hg) by replacement of a hydrogen atom m this way 


1 

o 

3 


4 , 


Saturated Fatty 
Hydrocarbons 
HCH3 

{'methane) 


CH3 CH3 or 
(ethane) 


(propane) 

C4H10 
(the butanes) 


Saturated Fatty 
Monohydne Alcohols 
H OH or (HP) 
(water) 

CH3OH 
(methyl alcohol) 

C3H5OH 
(ethyl Alcohol) 

C3H7OH 
(propyl alcohol) 


Saturated Fatty 
Monobasic Aads 

H COOH 
(formic acid) 

CH3 COOH 
(aceuc acid) 

C2H3 COOH 
(propiomc acid) 

C3H7 COOH 
(but^ic acid) 


In all such senes the physical properties of the members show a consistent 
gradation. Thus the lowest members of the ‘^hydrocarbon’* senes beginmng 
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■mtn methane are gases at rcom emperature The compounds C-H,2 and 
C,H ,, fomimg Jae fraction cf Amencrn petroleum ca-led petrol ether, 
and the compouirds and ^ 7,\.ch ga«cune of American 

petroleum is a nii''^aire5 are oo ns ,iist above rc teri^erarure^ 

and hence mghlj^ T/oIatie Tre remannrg uq^iC fract^c^s A^mercan 

petroleum napnJ'a oeneome ^CJ^j , 

and keiosene fCjijK22 \ola^i*e Tne nig*'*er 

memoers of the same senes are loselncs and raises The crude parafnn 
^ax of shale i'> a nurture of substances \v:th fc-m jLne *an^irg from C Ji ^ 
to 

Tlae technical names for the suostances »et fortn r the w*&t table suggest 
the^r mode of preparation and not tncu nositton ja me sere® Tnus iretn} i 
alcohol IS deiivea from methane by feOiiLng meth^ cnionce *-^:rh ca^’suc 

potash Bu^nc aod is de^i^eJ froir burvl oiccroA ust as ccerc cc^a ^s 

denved from eth^^i alcoheh os treatment "ith an o'^^ciznig agen., some- 
tning, hke potassium permenganate^ ninch read i\ gives up o\j taivcs 

up hydrogen Since evert" senes goes up in steps of one c roor and two 
hydrogen atoms, we can represent anv class of compounds with common 
pioperties depending on the presence of a particular rad’t^e b\ a general 

formula R or more bnefl\ X R where X is the alRjl ladicle, 

1, and R is the radicle charactenstic of the group, e g CH ^ m the 
‘^saturated fatty h5^drocaibons,** COOH ir the saturated monobasic fatty 
acids, and OH in the simple alcohols, like eth\l alcohol (C2H5OH} or ‘ spuits 
of wme,” which with a small percentage of impurities is Ae same as the 
famihar ‘‘methylated spints,*’ and methyl alcohol (CH^OH), the spirit 
distilled from heatmg sawdust, wood pulp, and other wood residues 

The classification of carbon compounds is a big task to face Smee 
laziness is the mother of mgenuity, you will need a good reason before pro- 
ceedmg with it So before we contmue let us be perfectly clear about the 
social meaning of what we are doing Till the commg of the coal economy 
man had depended for the essentials of civilized life on a variety of substances 
produced by animals and plants which (like the silkworm or the madder 
plant) grew only m one place Because carbon compounds are all built up 
from a very small number of elements, we are no longer dependent on hmited 
supplies available in restricted areas We now know how their molecules 
are put together The social art of findmg universal substitutes for local 
orgamc products mvolves the discovery of two classes of general rules which 
make up the essentials of orgamc chemistry The first are the rules of con- 
stitution which allow us to detect which radicles are present m a carbon 
compotmd by the kind of chemical behaviour xt exhibits The second are the 
rules of synthesis which allow us to replace one radicle by another By using 
them we can make a substance when we know what its constitution is 

RULES OF CONSTITUTION 

The most unportant rules of constitution arc embodied m the foliowmg 
brief survey of the prmapal classes of simpler carbon compounds Some of 
them, like esters, fa^ acids or alcohok, occur commonly m hving organisms 
Some of them, like the hydrocarbons, are simple dismtegration products of 
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organic matter Some of them occur very little m nature but are easily derived 
from natural products b> simple laboratory reactions, and are of immense 
importance as reagents to assist m replacmg one radicle by another For 
msiance, the “aik>l hahdes”* like CH3I are extremely rare m orgamc matter 
The sairc is true of the alkjl cjamdes like CHoCN These substances are 
easilv made from h\ drocarbons, as we have seen already, and once made 
thet' allow us to budd from anj hydrocarbon (C„H2„+s) an alcohol 
OHJ or an acid (C,H..„^i COOH) accordmg to the simple 

recipe 


Hjdrocarbon 
C„H!.„-i H 


Alkyl hahde 
CnH2»+l I 




C,2H2n+l OH 
Alcohol 


QjH2»+1 CN 
Alkyl cyamde 




Fatty Aad 
C„-iH2„_i COOH 


Fatty Acid 
Q*Hs„+i . COOH 


The prmcipal classes of simple carbon compotmds may now be set out 
under the following headings. 

( 1 ) The Hydrocarbons — These contam only carbon and hydrogen and fall 
into two mam classes the fatty, and the aromatic, hydrocarbons, represented 
respectively by the senes 

(a) Fatty or marsh gas senes CH4 (methane), CgHg (ethane), CsHg 
(propane), etc The higher members are the vanous volatile spmts, lUu- 
mmants, vaselmes, and waxes, of Amencan petroleum and shale 
distillate. 

(&) Aromatic or coal tar senes CgHg (benzene), C^Hg (toluene), 
CgHjo (xylene) — all present m the hght oil of coal tar. The next member 
is mesitylene CgH^g. 


There is an important difference between these two senes Unless we take 
the extreme course of burning it away, the molecule of an aromauc com- 
pound always sticks to six of its carbon atoms m any changes it undergoes 
In consequence the molecule of an aromatic compound (1 e a c»mpound 
m which one or mote hydrogen atoms of an aromatic hydrocarbon are re- 
placed by a rachde) is represented pictonally as having a central hexagon 

* Fluoime, cblonne, biomuie^ and iodine ace called the ‘<lialogen” elements, and 

their denvauves may be lefenred to coltectcVely as **balides.” 
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of caibcn a.ooib Eacn of tna hsb o^c icIqzlCi^ as Zho foilopiing 

formulae fo: benzene an^ to uene md cite 


TJT 


C 




H— C G— H 

|| 

_ (Ty 

H— C C— 

\ 

H c — 

C 

1 

c 

H 

H 

f'a) Benzene 

To’ were 


With a stable nucleus of carbon aLoms there is oni^ one substance 
(benzene) corresponding to the formula and one substunae (toluene) 

\^ith the formula of C^Hg On the other hand^ there are four substances corre- 
spondmg to the formula CgHi^ Three of these (the xjdenes) are \er 3 similar 
m behaviour and mode of formation, \iith boiling pomts between i37® and 
140® C The other (ethyl benzene), with a boiling pomt 134® C , is made m 
a different way The xylenes all have the methyl group (CHg) because they 
can be made by reaction between toluene and methyl iodide (CHgl) Ethyl 
benzene can be made by reaction of benzene with ethyl iodide (CgHgl) 

This illustrates once agam the fruitfulness of the pictonal or valency 
formula While it only allows for the existence of one benzene, or of one 
toluene, the valency formula gives us four possibilities for a substance with 
SIX stable carbon atoms m the molecule CgH^o Thus the ethyl radide C^Hg 
may replace one of six eqmvalent hydrogen atoms givmg 


j 


Ethyl benzene 


Alternatively two methyl radicles (CHg) might replace two hydrogen atoms 
givmg three arrangements (see also p 531) according as the hydrogen atoms 
replaced are attached to (u) adjacent carbon atoms of the nucleus or to carbon 
atoms separated by (6) one or (c) two other carbon atoms, thus 


CH« 




(a) o-xylene 



Qi) jw-xylene 


u 

CHs 

(c) p-xylene 


^ In the structural fortuulae of aromatic compounds it is usual to symbolize the 
benzene nng (or what is left of it) by a simple hexagon This represents the six carbon 
atoms and such of the sue hydrogen atoms as have not been replaced (as one has m 
ethyl benzene) by some radide 
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Besides these two basic senes which form denvative compounds by re- 
placement or substitution of a hydrogen atom by a radicle^ there are other 
senes of ‘‘unsaturated” hydrocarbons Such are the ethylene (C;^Il2n) senes 
ethylene propylene etc , and the senes CnU2n--j^ of which the 

first member a^eivlcne (CgH^ is formed, as we all know, by the spontaneous 
decomposition of calciuni carbide in the presence of water The pecuharity 
of these unsaturated hydrocarbons has been mentioned They form addition 
compounds w ith the halogens (chlonne, bromine, and lodme) as if the 
four valencies of their carbon atoms were not satisfied Hydrocarbons of the 
ethvlene senes are obtained b\ heating alkyl hahdes with alcohohc solutions 
of caustic potash, e g C^H^I gnes C3H7I gives C4H8 (butylene) 

( 2 ) The Alcohols afid Phenols — ^The alcohols are substances m which the 
“hydroxyl” radicle OH present m caustic alkahs replaces one or more hydro- 
gen atoms m a hy drocarbon Among aromatic hydrocarbons this may happen 
m two wavs From benzene (Fig 205 ) itself we can make only the substance 
called carbolic acid or phenol (QH^OH) found m the middle oil fraction of 
coal tar, thus 



From toluene (C7Hg), or any higher hydrocarbons of the sanae senes, there 
are two general alternatives which correspond to two different classes of 
aromatic compounds Thus there are four compoimds havmg the formula 
C7H7OH, of which three c) anse by replacement of a hydrogen atom m 
the “nucleus,” and one (d) arises from replacement m the “side cham ” 


TOLUENE 



(c) p-cresol 


When a hydrogen atom of the “side cham” is replaced by an OH group the 
resulting compound is more like a typical alcohol of the fatty senes The 
product of *^fmclear” substitution is called a “phenol” and has somewhat 
different properties, to which we shall refer later 
Corresponding to the saturated fatty hydrocarbons, hke methane, we have 
a senes of alcohols with one OH group already mentioned To rhts methyl 
alcohol and ethyl alcohol*— the alcohol of our happiest and most hallowed 
associations— belong The fifth member of the senes, counting methyl alcohol 
as the first, is amyl alcohol OH) which for reasons already 
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nas e-ghL aosc'^ al^ec. forzis ci-Iercot pii* sicai properties They also 

differ cheirLicah' m a vay oe merLt^oneJ lat-^r The highest mem- 
bers (Mve 6 <: 7 Zj ^ ricohol OH) are »\a'V3 Sw.as''’ance^ Corresponding to 

etlijl alcohol taere is c a ayoric a*coho^ G2H OIL^ Ccilec i5i\coi "and corie- 
sponding co propyl aicoho. (C^H^ OH) a >• tsqi^z I'cobo C , which 
IS glycerine Corresponcing to noe a^orocarao-^ C,H ^ gasoane. mere are 
"various 6 -hyanc alcohjls C^Hg dJicr-rig acoo "cling to me mrerrai 

arrangement of me hvcLocaibon portion of me iro^eci^e the a^conois 
are non-eiecuoly tes The]- car. be for-ned from conesponding haades 
by boiling with Ccaust-C pota^n The former can Jiemse.^ es ne formed irom 
alcohols cy boiLmg tnem v\itn t!-e halogen- V:iIor*ne, b*om ne^ 01 »odme 
the pj^esence of red ohospho. as On accoariw of he CK groar lesemble 
mmeral alltaLo m ccmbimiig vMth acidi to forn salts ca^]ew in esters 

the “ahtyi” rsoicic X, le t) of me genert? lor-rub X "OH) re- 

places the hydrogen of me acid as does the iHeicJ of an aJit^a This does 
not tale place qmcklj as with reactions of eiectro^nies xt proceeds slowiv 
after prolonged boumg^ tne products being sepaiab e op d.stxUation Esters 
differ from mineral salts m bemg non-electroh^es kite tne a^conols Tne nitrate 
of glycerme CsHgCNOji)^ called mtrogi5-cerme is bigra; explosive Dvmamite 
IS a nurture of mtroglycerine and a porous natural earth called lieselguhr 

( 3 ) Organic Acids — ^The orgamc acids all contam the ^carbowl” radicle 
COOH The most important senes (p 506 ) of which the first member is 
formic acid (H COOH)j corresponds to saturated fatt} hydrocarbons m 
which one methyl group (CHg) is replaced by COOH In another senes 
one hydrogen atom is also replaced by COOH The first is oxalic aad 
(COOH COOH), a highly poisonous aad with a very msoluble calcium 
salt Crystals of the latter imtate the bladder m the '‘oxaluna” lesultmg 
from eatmg too much rhubarb or fhuts which contam oxalic aad The 
next member, malonic acid^ COOH CHg COOH, has the same relation to 
acetic as has oxahc to formic acid It is of very great importance m sjmthesis, 
espeaally m the preparation of the large class of soporific drugs called the 
“barbituric” denvatives 

Another senes is that of the “hydroxy” aads m which one hydrogen atom 
of the molecule is replaced by an OH radicle Carbomc acid may be regarded 
as the first The second member is called glycollic (hydroxy-aceuc) aad 
(CHgOH COOH) and the third IS acid (CHgOH CHgCOOH) 

Hydracryhc aad is one of two hydroxy-propiomc aads The other, called 
lactic aad (CHg CH(OH) COOH), is the fatigue substance formed m 
our muscles dunng exerase. More complex familiar fatty aads mclude 
tartanc aad (of grape juice and sherbet), which is a dihydroxy denvaave of 
the third member of the oxalic senes, 1 e C2H2(OH)2(COOH)2 (dihydroxy 
succmic aad or dihydroxy-carboxy-propiomc aad). The vanous aromatic 
aads m which one or more (COOH) radicles replace one or more hydrogen 
atoms of the nucleus or side chain of an aromatic hydrocarbon or phenol wiU 
be touched on later 

( 4 ) Esters — ^The structure of an ester has been explained already This 
da^ mcludes the common fiavourmg essences of finit juices Many of 
them axe compounds formed from simple fiitty aads of the acetic senes and 
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Simple alcohols of the ethyl senes For mstance, pear drop essence is amyl 
acetate (CH3COO CgHjj), now a famihar substance because of its use as a 
soh ent foi cellulose pamts The common animal and plant fats like palmitm 
or stearm are esters of the alcohol glycerme and one of the higher members 
of the acetic senes such as palmitic aad C15H31 COOH and steanc acid 
C17H35 COOH Ohve oil is the glycende (olem) of an unsaturated aad oleic 
aad Q7H33 COOH Soaps are the sodium (hard)* or potassium (soft) salts 
of the same acids and are obtamed by the general method for splittmg off 
an alcohol from an estcr^ — boiimg an ester such as ohve oil (mostly olem) 
or lard (a m^kture of pamutm^ and stearm) or palm oil (mostly palmitm) 
\^ith alkah Glycerme is, taerefore, a by-product of soap manufacture 

Most natural fats are mixtures An essential constituent of butter fat and 
coconut od is a ver^ simple fet, the glycende of butync acid C3H7 COOH 
Smce glycerme has three (OH) groups, even a simple glyceride like butyrm 
of butter fat has a large molecule (M W, 302 ) represented b> 

C3H7 • COO^^ 

C3H7 COO^CaHs 
C3H7 COO-^ 

Among the simple essences, rum flavour is ethyl formate (1 e the ester of 
ordmary or ethyl alcohol and formic aad), and pmeapple flavour is ethyl buty- 
rate Linseed oil of pamt is a mixture of gjycendes of two unsaturated aads 
(Ci7H3i COOH and CX7H29 COOH) Bees-wax is the ester which pahmtic 
aad forms with a very high member of the ethyl alcohol senes called myncyl 
alcohol (C30H31 OH) On boiling with mmeral aads esters break up mto 
orgamc aad and alcohol. 

( 5 ) Ethers — ^The ethers are a class of compounds related to an alcohol 
m much the same way as a metalhc oxide is related to a metalhc hydroxide 
(e g Na20 and NaOH) That is to say if XOH is an alcohol, X^O is the 
correspondmg ether Thus the ether correspondmg to ethyl alcohol 
(C2H5OH) IS (C2H5)20 This IS the anaesthetic ethyl ether, called ether for 
short as ethyl alcohol is called alcohol for short The resembl^ce to a metaUic 
oxide ends here, for ethers do not umte with aads to form esters, and they 
are generally very mert substances They can be made by distilling an alcohol 
with strong sulphuric aad, or by treatmg an alkyl halide with sodium eth- 
oxide (1 e a reagent prepar^ by dissolving sodium m pure alcohol). 

(6) Aldehydes and Ketones — Two important classes of carbon compounds 
are the aldehydes and ketones The alddhydes (of which formalm or formalde- 
hyde, the antiseptic and preservative, now used m making synthetic resins, is 
an example) have the general formula X . CHO. Ketones (of which acetone 
used as a c^ulose acetate solvent and product by dry distillation of wood 
residues is an example) have the general formula X^ CO . X^ The two 
classes have very similar properties and are formed by similar methods of 
preparation They both form “addition’' compounds with sodium hydrogen 
sulphite (NaHSOs) They are both “reduced” to an alcohol when treated 

^ Modem haxd soaps may contain up to 40 per cent resin and other substances, 
e 8 sodium sihcatc, to give bulk 
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I*IG 260«^SOMB $IMPX3 SVKTHBSES FKOM EthYL ALCOHOL WHXCH May 
0BTAX24BX> SBOM EfBKMBNTATION OF GrAIK 


totiorr anxl dcohol ( ^ 
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'v-th a reagent iiberat^^ hydicgtr. w2> ccea s>odi.-in rrercin ain4ilg’'mj 

* e socLLxi dissoL ea J2. SLOSwcLr^-s -hiza lo so a:e ralieJ reducing 

rea£:edis^ decease j^Qj ^ed^ee tie prej'oet ec. .f in eiolew^de of 

cd organic compeenn Con n-cn e^sd* uc oc^gen 

"d*eh may conicme cne c* .c*m dregen n ire moleciile 

c'an cigamc compounds anc joeiefore ^c’-c-.ta die of cu ^en in 

_.s are ended cx-cdung ags^^s Yt'dan doei ue' an« ^erores ^re v%*th 

poz erjiil oxicLzing a^enjs -u:- oo*'-bS.^-": a" e U'- le ^ cm* erred 

*die alcohoisj mio orgaruc ^c-d ^ 

Com^ersei5^s elaeb'" aes Add >eronei t.ar c> m.ee l hcem-g rzia 

mild oxidizing agents v.Iuch do no. Lrea*. Cw“ n ^ ra ar-.mc acids 

Such a mild omdizing agen^ is a nunmre rc ^ and me sal- p^ta^- 

s um dichromate Whicn clasps is aen-a!!^' f^rmea. ac^^ena^ cz tne 3-r-.cn2re 
cf the aiKyl (X) radicle of me olmaj^ Accoicun^ ire \-dear\ prmcmie 
there are t^o pmtonai fo-.rQulae fot propel C^ri-CH^ ’•ust as ere 

aie pictoiioi form^as correspenuin^u lo Jmerent car 

acxds COObl,^ Heating eiihei them m it a l epui endiruig 

agent results in the formanon of prop-^^nic m^d ZJrL^ COOH; jr^o 
less hydrogen atoms and one mere onjgen amm per mo.eciile T'^e cmef 
diflerence between them is that tmlu oxidjzuig agents cons'^ert them mto 
totally different compounds, one an alaehvde, the other a ketone One of the 
propyl alcohols (called the pnmaty) ethjd me Ji} 1 alcohol (C^H - Cl lo OH) 
That IS to say, it is meth\! t^cohol m which one hydrogen atom is replaced 
by the ethyl radicle, thus 

H 

I 

CoH,— C— OH 

i 


The other (^secondafy or tso-prop}l; is dir.ieihyl methvl alcohol 


CCH3)^ch oh 


1 e methyl alcohol m which each of two hydrogen atoms is replaced by a 
methyl radicle (CHg) 


CH3v^ 

CH/^ 



H 

OH 


The behaviour of the propyl alcohols illustrates a general rule Mild 
oxidizmg agents convert primary propyl alcohol C3H5CH2 u^to 

propionic oddehyde C2H5CHO which, like the alcohol itself, can be oxidized m 
Its turn to make propiomc acid C2H5 COOH This shows you why we call 
it propiomc (not ethylic) aad A primary alcohol which can be represented 
by X CH2OH when boiled with a mild oxidizing agent is converted by 
removal of two hydrogen atoms mto an alddiyde X CHO Thus methyl 
alcohol which may be represented as H CH2OH is converted mto formalde^ 
hyde H . CHO, which is converted by a strong oxidizing agent, like potassium 
permanganate, to formic aad H . COOH Secondary propyl alcohol 
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* This cannot be done at one step 
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Pigs 261, 262, and 263 

S^e syntheses which may be eflBected fixan the du«e prmcmal oroducts of the drv 

m^yl alcohol (wood spirit), ae^cS, rod aStOM 
iNote that the latter can be made the startmK pomt fSr iheaanie class of comoounds 
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[(CH3)2CH0H] is con'verted oy ciid oxidation into acetone {'0113)2005 
better written OH3 CO CK3 tx secc'^ary alcohol can be represented bv the 
general formiJa XY OH OH and osicLzes to a Ketone XY CO by removal 
of o hydrogen atoms 

Acetone xS a SL.bstancc TOtn mteiesimg social poss*oiiities It gives us a 
link between an urban economy Dased on coal ana a riiral economy in which 
science is usea to the full Acetone along metn^i alcohol and acenc acid 
IS one of the three major products formed by diy distillation of cellulose, 
e g when wood piJp is heated 01 weeds a^e burned m a slow f re On dis tillin g 
It with sulphunc acid three molecules condense to form mesnytene or tnmethyl 
benzene (C 9 H^ 2)5 give us the aromatic nucleus of sis. carbon atoms 

m the coal tar constituents In Figs 261-S varacas s^nmesas from methyl 
alcohol, acetic acid, and acetone lilusaate why we have outli' ed the necessity 
of coal 

Furthei oxidation of acetone (CH3 CO CHg) yields acetic acid 
CH3COOH, m which the OH rachde replaces one meiiyl CH^ groap This 
shows you why we write the carboxyl radicle COOH and not CO^H Com- 
plete oxidation of a secondary alcohol thus 3nelds a lo^^er acid than the one 
denved from the primary alcohol of the same general formula Aside from 
the method of preparation used for makmg both ketones and aldehydes, 
one special method is generally apphcable for each class Aldehydes can be 
made by cookmg dry calcium formate (H COO)2Ca with the calcium salt 
(X COO)2Ca of a fatty aad This gives the aldehyde X CHO Thus 
acetaldehyde (CH3 CHO) corresponding to ethyl alcohol is formed by 
cookmg calcium acetate (CH3 COO)2Ca and calcium formate together 
Ketones XgCO are formed by simply cookmg the calaum salt pC COO)2Ca 
of an organic acid by itself Thus calcium acetate (CH3 COO)2Ca gives 
acetone (CH3)2CO TTie oxidation of alcohols with more than one (OH) 
group gives rise to a mixture of substances dependmg on whether a strong 
or weak oxidizmg agent is used The following table shows how the "dibasic” 
aads (like oxalic) and the hydroxy aads (hke lactic) are related to a dihydroxy 
alcohol 

Just as we can make an aldehyde or ketone by oxidizing an alcohol we can 
make an alcohol by reducing an aldehyde or ketone, 1 e by treating it with 
a reducing agent that mtroduces hydrogen mto the molecule or removes 
oxygfen from it The reducmg agent usually used is an amalgam of sodium 
and mercury in water This converts a CHO radicle to CHqOH and the CO 
radide to CH OH Thus on reduction of acetaldehyde we get ethyl alcohol 

CH3 CHO CHsCHaOH 

or on reduction of formaldehyde we get methyl alcohol 

H CHO->H CH2OH 

On reduction of acetone we get secondary propyl alcohol, 

CCH8)2C0 CCH3)2 CHOH 
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Tartmc=‘ dihydroxyj 
Qtnc aad is CHjCOOH 
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Some relations the sam^atec fen’f hydrocarbons^ simple fatty 

axconois^ alden^des. Ketones and s^L-ip'c* fc^tc^ acxds are shown m the 
foilovi'ing table 

MONOilirDRIC ALCOrlOLS Ai'^D MONOBASIC ACIDS 


CH 4 

CH OH CH, 

‘ H CHO 

H COOH 

Methane 1 

Meth: 1 Alcoho^ 

1 ForrH-ildcnvae 

! Formic ‘\cid 


i 


C^Hq ! C^HcjOH (CHg CHg CH) » CI-L. CKC | CH^ COOH 


Ethane 

Ethyl Alconol 

j ^cc^^^deL/ds 

1 Aceuc Acid 

1 

C3H8 

O.H70H(C>Hc^ CH^ OH) 
Primary Propyl Alcohol 

( C^Hj CHO 

1 Proptomc u.Meh 5 de 

C 2 Hg COOH 
Propiomc Acid 

Propane 

(CH 3 ) 2 CH oh 

Seconaary Propyl Alcohol 

i (CH.) 2 C 0 I 

1 '\cetoiie 


C4H10 

Butane 

Two primary but>l aicohois, 
C 4 H 0 OH — 

CoHg CHo CHo OHard 
(CH^g CH CH^ OH 
Secondary butyl alcohol 
(C^H^KCH^) CHOH 

Tertidry butyl alcohol 
(CH 3)3 COH 

• Two cilaehjaes 

! C-JIs CH, CHO 

1 CH 5',2 CH CHO j 

! One Ketone 

1 

1 

C^H- COOH 

1 

Two acids 
(butync) 

CoHja 

Pentane 

Eight Amyl Alcohols 


C 4 He COOH 

4 valeric acids 


The simplest sugars like glucose or galactose havmg the general formula 
C6H12O6 are aldehydes or ketones of the 6 -hydnc alcohols [CgHgCOH)^] m 
whici (a) one CHgOH group is replaced by a CHO (aldehyde) radicle, or 
(^>) one CHOH group is replaced by a CO (keto) group Either means elimi- 
natmg two hydrogen atoms We imght therefore call them alcoholic ketones 
or aldehydes The commoner sugars, cane sugar, milk sugar, and malt sugar, 
are formed by the umon of two molecules of a simple sugar with the elimma- 
non of a molecule of water (2 CqHi^Oq == Ci 2 H 220 ii + H2O) When more 
than two simple sugars unite we get more complex carbohy^ates like the 
dextrm of nee paper, starch (which yields first dextrm, then malt sugar on 
digestion with sahva and can be converted mto dextrm by heat m the process 
of iromng starched collars) and cellulose, the last bemg the most complex 
The cellulose molecule and that of all the natural carbohydrates except the 
simple sugars is built up from simple sugar molecules* Many orgamsms can 
break down cellulose to sugar, as we break down the starch of our food m 
digestion. Smee garden weeds, sawdust, and textbooks of economicsare mainly 
made up of su^ molecules, importing cane sugar from Java and subsidiz- 
mg a beet mdustry m England are both illustrations of the absence of 
a chemically enlightened imagination at work m pohtics On account of its 
(OH) groups cellulose forms esters with certain acids Such are the cellulose 

R* 
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nitrates, a seiics of substances ch inclcde coilodion and gijXL-cotton^ 
cellulose acetate wliicli is prepared m one of the arcJiciai piocesses 
Blasting pov^der is a mixture of gun-coLlon and triniLTOgi^'Cer-n.:: Cordite is 
a mixture of gun-cotton ard a coal tar deri^a^i*e, ■‘TiiLilxoioldeii.c. 

All the classes we ha\ e touched on so fai occur commorr^j^ ±n natu-e oi as 
objects of domestic use Those on which ^c’ shall now team a^e mostly 
laboratory products which are important as steps m tne rcpiaccmcni of one 
radicle by another Two of uncse have been mentioned ihe ailtyl halides, 
(like methyl iodide; and the all-yl cyomdes (like methyl cyanide) The alkyl 
hahdes and cyanides arc two oi many classes of halogen and ^‘cyanogen^* 
derivatives of organic compounds for mstance, the acid chlorides 
(X CO Cl), the chloracids m vhich a naiogen replaces hydrogen m the X 
radicle or alkyl part of the aad, e g CH^Q COOK (monochloracetic acid), 
and the chlorhydrins, e g CH2Cl(OH) 

The acid chlorides^ e g acetyl chloride used as a cellulose solvem are formed 
by reacuon of a dry acid mth a reagent called phosphorus mchlonde Thus 
aceuc acid /'CH^COOH) gives acetyl chloride CH3 CO Cl This is one 
reason why we wTite the formula of an orgamc aad X . COOH and not 
X CO^II VC nh the sodium salt of an organic acid, an acid chloride reacts to 
produce an acid anhydride, eg acetic anhydride (CH3C0)20 Acetic 
anhjdnde has the same relation to acetic acid as CO^ has to carbomc acid 
Orgamc acids react with chiorme to form a mixture of chloractd%^ just as 
hydrocarbons (p 50:j) react with chlorine to form alkyl hahdes The cUonne 
atom of either an acid chloride or a chlor-aciJ can be replaced by the ammo 
radicle NH^ when these compounds are treated with ammoma Chlor-acids 
then give rise to aminoactds^ e g mon-ammoaceuc acid CH^NH^COOH, 
which are weak electrol3^es Amino-aads are bncks of the protein molecule 
(which breaks up mto them as the result of digestion) just as simple sugars 
are the bncks of the cellulose or starch molecule Most protems yield some 
ammo-aads which also contain an SH or S — S radicle The action of chlonne 
in soluuon on the presence of a copper compound, which acts as a catalyst, 
converts hydrocarbons of the ethylene (C2II4) series mto substances called 
chlorhydrms such as CH2 Cl CH2OH With potassium cyamdc these 
react to form cyanhydnns such as CN CHgOH The CN radicle 

can be converted mto the COOH radide on hydrolysis, 1 e boilmg with 
water So this is one way of synthesmng the hydroxy acids like hydra-ctylic 
aad(CHsOH CHgCOOH) 

Other very important classes of reagents m addition to these are the 
metallo-oiganic compounds and a senes of mtrogen denvatives the amides, 
isocyamdes, mtro-hydrocaxbons and amines 
(1) The MeiaUo^Orgamc Compounds — ^Zme dust and magnesium powder 
are dissolved by alkyl halides (which are hquid) to form substances such as 
zinc methyl, represented by the formula Zn(CH3)2 or magnesium xnethiodide 
Mg(CH3)I These compounds are highly unstable ones They decompose m 
water giving oflf hydrocarbons according to the general reaction 

2 H2O + Zn CX), 2XH + Zn (OH). 

2 Hj|0 + A4; XI XH + Mg (OH}I -b Hgp 
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(2) At Lz—Z^ c a we represent the carboxyl 

racLc-e cb CO 01- s Lhr. ccacb -iise a class of crystalline com- 

po^ Jicc -i - 2 Ji^de^ i^a COCH ^^roup :s replaced by the com- 

pif^^ CO^s-*:- 1 - w/ zzn ca ioinxd b} haatmg the ammomum 

s^iu oZ Ci-jc ac wmiroiJujn acea.ate COO NH^) leads 

to t'ur^d^^ii of a ^ic>2ac*i.e c' acctamde This substance has 

tne s:nel ci -n ce Ils is CH- CG The amides can also 

oa maoj ^ autl o^ioiicle ^ ^Lh aoixioma (eg CH3 CO Cl 

iiac^rnt^ CH^ C3 x “ j) 

Tha fcimai wii o ''oi^ca on wzj iemm>as us mat we can legard 
them Cb 0^ j oy &wv>Gii^uting the acid laoicle X CO of 

an acic ccLj3i-<wa xO- a hy^x.C5-n atom in am. loma AmmoiLa combmes 

vitn ac.as to fc-iiii sai*.:;, one armdes qc sc c^s \^QLi Urea Nrf^ CO NHg 
may be legarcic os an amice fanm^a ^eplaceraent of cotn OH groups 
in carboruc ac*d (A^C 3 '< if wc ^ep^taent the latter as HO CO OH Urea 
combiii<«i V iJl* ui vbic organic ccido to foxm a senes of very im- 

poitani rjJUwOunL*s calico la^e^des Thus li. combines with rnaiomc acid 
(COCH Chic CCGH" uo iOx xi rtcicnyl ^ ^exde or ^ oaib'LUixC aad” 

/COOH bTH^s ^ CO— xnTHv 

CH< >CC-.CK^/ >CO-r2HoO 

VOOH .\H/ \C0— 

The unportant hjpnoucs and anaesthetics called veronal^ medinal, evipan, 
etc , aie barbituric derivatives Alloxan^ a ureide of great importance 
coiiespoudmg to a hypothcucal ‘mesoxahe” acid COOH CO COOH, 
occius e»s cin excretory pioduct, which is represented by the formula 
CO (CONH)o CO This terms a second ureide which is uric aad 

CO— NHv 

I \ 

/NH— C ^CO 

co< !I / 

'NH— C NfK 

The drug cafFeme m tea ana coffee is a tnmethyl denvative of xanthine^ a 
reduction product of uiic acid 

(3) The Ammes —By boihng an alcohol with a solution of potassium 
mmie (KNO2) we can get an alkyl mmte By heatmg its halogen derivative 
with dry potassium cyamde^ we can make an alkyl cyamde With the silver 
salts of mtrowi acid (silver minte or Ag NO2) and prussic acid (silver cyamde^ 
Ag CN) they form peculiar compounds which have the same molecular weight 
and percentage composition as the alkyl nitrites or cyamdes but totally differ** 
ent properties These classes are respectively called mtro-hydrocarbons and 
isocyamdes The action of fine bubbles of hydrogen from tm and hydro- 
chlonc acid or prolonged boiling with caustic potash converts an alkyl 
mtnte mto the correspondmg alcohol Thus methyl mtnte formed by the 
action of nitrous acid on methyl alcohol yields methyl alcohol and mtrous 
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acid Nitro-methane, which has the same formula (CHgNOa) as methyl 
mtnte,is not decomposed by boilmg with caustic potash An alkyl cyanide 
yields an orgamc acid when it is boiled with a dilute nuneral acid 
An alkyl isocyamde when boiled with dilute acid yields a compound 
an amine So does a mtro-hjdrocarbon when treated wuth tm and 

h\drochlonc acid , ^ , , , 

The amines like methylamme CH,NH2 may be regarded either as hydro- 
carbons with one or more NH3 radides m place of one or more hydrogen 
atoms, or altemativel> as ammoma derivatives m which one or more hydro- 
carbon (alkyl) radicles replace one or more hydrogen atoms Sunple ammes 
of the general formula XCNHi) like methylamme CHgCNHa) are formed 
(a) by prolonged boilmg of an isocyamde (XNC) with hydrochloric aad, (6) 
“reducnon” of a mtro hydrocarbon (XNOa) with fine bubbles of hydrogen 
from tm and hydrochloric acid, (c) action of bromme and caustic soda together 
on an (X CO NHj) The reduction of a cyamde (XCN) by sodium 

amalgam and w ater also gives an amme (X CH2^^1^2) > but the amine formed 
IS the next higher up m the series 

The ammes are substances which generally have a fishy odotur They 
rnmhiTif! with water, formmg hydroxides analogous to ammoma (eg 
CH3 NH3 OH from CH3 NH2), and these hydroxides, unlike alcohols, 
are electrolytes, formmg (as do the ammes alone) salts like ammomum salts 
generally soluble m water The salts formed by combination of an amme (or 
Its hydroxide) and chloroplatmic aad, hke the correspondmg salts of sodium 
or amTwnntiim, are msoluble m water Although otherwise very stable ammes 
are easily changed mto the correspondmg alcohols (X OH) by reaction with 
mtrous aad (HNO2) The aromatic ammes are of two Imds If the NHg 
radicle replaces a hydrogen atom of the side cham the resultmg compound is 
a basic compound which forms salts with aads, just as substitution of an OH 
group m the side chain of an aromatic hydrocarbon yields a typical alcohol 
The presence of an NHg attached to the nucleus gives a class of compounds 
which have only feebly basic properties. This is consistent with the behaviour 
of the phenols which do not readily form esters with mmeral aads 


RULES OF SYNTHESIS 

When a chemist wants to know the make-up of the molecule of a carbon 
compound, he first determmes its vapour density or its osmotic pressure m 
solution to ascertam its molecular waght He then mcmerates it m presence 
of oxygen and determmes the waght of carbon dioxide, water vapour, 
mtrogen, etc , formed from a waghed amount, to get its percentage com- 
posiuon. He thus obtains the number of atoms of each constituent ftlem<»ni- 
m the molecule To see how these are arranged he is guided by three general 
considerations 

The first is the prmaple of valency Suppose a compound 1 :^ been fisund 
to have the composition mdicated by the formula C3H4O2 As stated earher, 
the piaotial represaitation of this shows that if the valencies of all the atoms 
are fully satisfied, there are comparatively few ways m which the atoms 
be arranged Thus the arran^ment may be. 
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H 0— B 

H 

H H 

, / 

H— G— G 

C C 

H-i-c" 

1 

/ 

( 

1 

A 0 

i-I — G Xu 

0 

H— 0 0 

(a) CH, COOH 

(e) Z-i COO CK- 

Cc; CH OH CHO 


Wit±i these preluomary consider. anons to narrow dov^n tiie held^ the chemist 
next maizes use of n hat tie knows about (i) die pii3’^sicai pioperties of different 
classes of compounds^ and (ii) then: chemical Oehav-toor One fact which has 
not been exphcidy stated about utie physical properties of carbon compoxmds 
IS that the lower members of series containmg an OH radicle — standmg 
alone (c\ or as part {a) of the complex raOicle COOH — ^is that they are 
generally soluble m water Agam^ me lower members of senes with the 
complex radicle COOX of the oigamc esters nave a fruity smell This is a 
charactenstic of methyl formate represented by the middle formula 
(H COO CHjj) Acetic aad (CH3COOH) and glycolhc aldehyde 
(CH2OH CHO) are water soluble Methyl formate is not 

The chemical behaviour of C2H4023 if an ester, is straightforward On 
prolonged boihng with a mineral acid it will give an alcohol (methyl alcohol) 
and an aad (formic acid) On prolonged boihng with an alkah it will 3neld 
an alcohol and a metalhc salt (formate) If it were an orgamc acid it would 
not be decomposed by boihng with a mineral acid It would simply form a 
metalhc salt (acetate) if boiled with an alkah It would decompose a car- 
bonate, and It would combme with ammoma to form a weak electrolyte 
convertible by heatmg mto an amide. The latter would yield the fishy odour 
of an amin e when treated with bromme and caustic soda A substance repre- 
sented by formula (c) would not be an aad and would not decompose car- 
bonates Having the complex radicle CHgOH it would be easily oxidized by 
oxidizmg agents like potassium permanganate to form first another aldehyde 
(glyoxal), and then an aad (oxalic aad), COOH . COOH Havmg the 
^dehyde radicle CHO, it would react with ammoma to form a compound 
which would not be an electrolyte It would not yield amides on heatmg 

Suppose now that the substance represented by the formula C2H4O2 
IS also a substance which human bemgs value as a flavourmg essence or per- 
fume, and that the chemist had deaded that its make-up is mdicated by 
wri ting the formula as H COO CH3 which shows it to be the ester of 
methyl alcohol (CH3OH) and formic aad (H COOH) We now have 
two choices One is to look for some plant m whose juices it occurs as a 
trace, and cultivate it Alternatively, we can make it from any convement 
source of oigamc rnatenal Which we deade to do will depend on the 
kmd of social economy m which we hve or the kmd m which we mtend 
to hve. 

If we are content with the urban congestion of the steel-coal economy 
we shall instruct the chemist to make it out of coal This is easy when he 
knows that it is an ester of methyl alcohol (CH3OH) and formic aad Methyl 
alcohol IS methane (CH^) of coal gas with one hydrogen atom replac^ 
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b> the hydroxjl ladicle (OHj roimic add (H CGOH") is .neuianc m viucb 
the carboxyl radicle COOH replaces £l e (iiik-J y-) ^adicle Ciij, 

H 

1 

H— C— H 
q H 

Mcthjl aloi 

The chemist’s problem is then to r^pkee a hyurogen atom by (OH.), 
(fc) to replace a methyl radicle (CH^l by COOH The gcnetal rule for (a^ is 
to replace H by iodine bromine or chlorine Ihese elements leact Cjxectl^ 
with hydrocarbons to form al^iAl haLdcc winch can be con'/eited. into the 
corresponding alcohols by boiimg with caustic potash To replace a metliyl 
group by COOH we have first to convert it mto CH^OH In this instance^ 
this IS the same thing as makmg methyl alcohol itself The complex radicle 
CHgOH when acted upon by a stiong oxidmng agent gi^ es place to COOH 
So formic aad is obtamed by oxidation of methyl alcohol 

Alternatively we may hold that coal exacts loo high a price m social comfort^ 
cleanliness^ and privacy If we prefer green fields and forests to the cultural 
advantages of London fogs we are not compelled to embark on colomal 
war to secure some exotic plant m which traces of the required substance 
occur ready made Methyl alcohol is one of the three major dismtegration 
products when cellulose is subjected to dry heat^ the others bemg acetic 
aad and acetone It can be obtamed by dry distillation of wood pulp directly, 
and can be oxidized to formic aad m one step The technical problem of 
creatmg an economy of human welfare with abundance of commodities 
along with healthy and spaaous conditions of life is therefoie the problem 
of replacmg one radicle by another m a carbon compoimd 

We shall now briefly survey the rules for building up any simple carbon 
compoimd from any convenient source, under foui headmgs (a) reagents, 
(b) substitutions, (c) ascent and descent of senes, (d) “nucleus and side cham’’ 
transformations* 

(a) Reagents . — ^Reagents employed m orgamc syntheses may be classified 
accordmg to the class of reactions they brmg about Four most important 
classes are (a) hydrolysis, i e splittmg a molecule mto bucks combmed with 
the OH or H of the water molecule, (b) dehydrolysis, i e removing a molecule 
of water; (c) oxidation, {d) reduction 

Hydrolysis or prolonged boilmg with mmeral aads or alkalis with excess 
of water splits up esters and alkyl halides with the formation of organic aad 
and alcohol or metallic salt and alcohol, and also replaces the CN radicle 
by COOH (mth production of ammonia) as m making a monobasic aad 
(X COOH) from an alkyl cyamdc (XCN), a hydroxy aad [X • (OH) * COOH] 
from a cyanhydnn [X (OH) * CN], or adibasxc aad [X * (COOH)J from a 
cyanaad [X * (CN) • COOH]. 

Dehydrolysis with phosphorus pentoxide or phosphorus pentachlonde 
converts an amide (X * CO . NH*) mto a cyamdc (X . CN + H»0) Dc- 


il 

o 

[ 

11 

' — c — 0.1 

^c— O— H 

fi 
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r’v crc)!] 2: » Ji s -Lphi tjz jc^c. conecr^c rr' cJco^lol into (j » an ether or (&) an 

— — raxa l., cicc^^ooi- C,^^jC)j±- C^H K^O), ac^croing to the 
lerr ^ _ci .. cc^^iec Oc.t 

To*. O' j^o.doL.^.'irn. pc:-*o.i.axLgoaa e ma^ cc ^^cec to convert an alcohol, 

-'ctojic 0 ce c cu oc-d Pcl£s^..u. ..n cLcnromate and sulphuric aod 

^oge^er u sed to co^' wi aicodoi ?o a tefone or aiaeja^-de Alcohol 
^ apOuUs pass 3:0 c — over l_ui — jii^ed asbestos ..suallj osadize to the 

rcaC (ar ^ isacono*. cnl} cmdrscid lD ^ns aicien^cie 05 this me died) Biomine 
ana po.asn ^oi &oc ^3 aio tcgctnei usco .0 cem^en m ain_de X CO NHg to 
on anine X 

Fo^ ^eda'ct^cn ^ s mns 'uenon oP h^watoge-i into, cr removal of 0'?5^gen 
Trom, me rroiecUc, ^ s rs'^gen.s are ^.seu (a) tin and h^dxochlonc acid 
togetnea mcite fine CiLblcs of b cnegen Zji converting a nitrc-liydrocarbon 
(XXOji) to an ^=iii_ne (-) socLum amalga“i is used to convert a ketone 

cr aided' de ; — c an (c) rmc dusL v^tili convert an ail^y! haliae into a 

nighei pa^ainn ^eg Cri.i - C,:^, me - zmc-copper couple” ^zme 
oiTsped m cOji^p5.- siupiiate ceposit a mm Hini of coppei; cori/crts an alkyl 
halide to me cDrrespondmg par JSin (e g CH^I — > CHj 3 

(b) Suhititu^hons — The most important of the simple radmles in carbon 
compodnas V'^hich occur m natural products are — OH, — COOK, — CHO, 
= CO, — O — i^cdier), — CONHq (amide), — NH^ (amme and ammo acxd) In 
addition to these are the radicles vv’^luch are important as steps m the replace- 
ment of a hjdiogen atom b} any of the above, e g — Cl or I, — NO^, — CN 
(c^^anide) or — NC (isocyamde) 

The substituUon of a halogen for a hydrogen atom m the formation of 
alkyl halogen subsutution products or chloraads is brought about by direct 
umou of a hydrocarbon or orgamc acid with a halogen Substitution of a 
halogen for an OH gioup m an alcohol (e g C2H5OH -> CgHgl) is eflFected 
by action of the halogens m presence of red phosphorus as a catal3rst An 
OH group m the compound radicle COOH can be replaced by Cl through 
the action of phosphorus tncblonde or pentachlonde on an acid (e g 
CHjCOOH CH3COCI), The CN radicle can always be made to replace 
a Cl atom by heatmg the halogen derivative with potassium cyamde The NC 
radicle (ispcyamde) is mserted by usmg silver cyamde The OH radicle is 
mtroduced by replacmg a halogen atom m the hydrolysis of the halogen 
derivative (CgHgCl CgH^OH) or substitution for the NHg group by action 
of nitious acid Unsaturated hydrocarbons of the ethylene series combme 
with hypochlorous acid (chlorme m water) to add one OH radide and one Cl 
atom to the molecule The COOH radicle is mtroduced by substitution foi 
the CN radicle when a CN derivative is hydrolyzed The CHO group is 
mtroduced by oxidizing a compound containing the complex radicle 
— CH2OH, or reduemg one with the complex radide — CHg COOH The 
CO group IS mtroduced by oxidizmg a oimpoimd with the complex radicle 
=CHOH, or reduemg one with the complex radide ~CH COOH The 
radide — O— * of ethers or acidic anhydrides [e g (CH3C0)20] is obtamed 
by treatmg an alcohol or aad with a strong dehydrating agent* The complex 
radide — CONH2 is mtroduced by heatmg the ammomum salt of a COOH 
denvauve, or by treatmg an aad chloride with ammoma The NO^ ‘^mtro** 
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group of the mtro-h>drocarbons is introduced by heating a halogen denva- 
me with silver nitnte By the action of a reducing agent (c g tin and hydro- 
chloric acid), the NHo group can replace the CN group of a cyanide 
By hydrolysis it can replace the NO i group of a nitro-hydrocarbon The NH2 
group can also replace a halogen atom when a halogen derivauve is heated with 
ammonia, or replace the CONHg radicle by oxidation with bromme and 
caustic soda The complex radicle — CH2NH2 replaces the cyamde radicle 
when a CN derivative is reduced with sodium m alcohohc solution These 
substitutions are summarized briefly in Fig 264 

(c) Ascent or Descent of Senes — The substitution of one alkyl radicle 
by another is eqmvalent to movmg up or down m a “senes ” If 
we know how to replace the OH radicle of an alcohol or the COOH radicle 
of an orgamc aad by the radicles charactenstic of other classes of orgamc 
compounds, we can do this provided we Know how to make an acid or alcohol 
higher up or lower dowm m the same senes as any particular acid or alcohol 
To go up one step, e g from methyl to ethyl alcohol, we can make successively 
(Fig 264 ) the halide, cyamde, and higher amme, thus 

(1) CH3OH (methyl alcohol) to CH3I (methyl iodide) by heatmg with 
lodme m presence of red phosphorus 

(u) CH3I to CH3CN (methyl cyamde) by heatmg with potassium cyamde 

(m) CH3CN to C2H5NH2 (ethylamme) by reduction with tm and hydro- 
chlonc acid 

(iv) C2H5NH2 to C2H5OH (ethyl alcohol) by boihng with mtrous aad 
(HNO2) 

The converse process of steppmg down, illustrated by the conversion of ethyl 
alcohol mto methyl alcohol, mvolves oxidizmg the alcohol, makmg the amide, 
and convertmg this mto an amme, thus ^ 

(1) CgHgOH (ethyl alcohol) to CH3 COOH (acetic aad) by oxidation 
with permanganate 

(u) CHgCOOHtoCHg CO NHg (acetamide) by heatmg the ammomum 
salt of the aad. 

(m) CH3 CO NHg to CH3NH2 (methyl amme) by heatmg together 
with bromme and caustic soda 

(iv) CH3NH2 to CH3OH (methyl alcohol) by boilmg with mtrous aad 

To make a long jump m a senes, as firom methyl alcohol of wood spint to 
amyl alcohol whose acetic ester is used as a cellulose acetate solvent, or from 
ec&nc aad of vmegar to steanc aad of mutton fat and soap, is a long process, if 
taken one step at a time There are two important syntheses which make it 
possible to replace an H by an alkyl radicle traversmg as many steps as we 
wish m one reaction jr ^ 

Higher alcohols can be synthesized from lower ones by the reaction of 
metallo-orgamc compounds with aldehydes and ketones To 
primary alcohols a magnesium alkyl hahde is treated with 
thus. 

H , CHO + X Mg I X CH^OH 


make higher 
formaldehyde 
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Fig 204 — Order of Sitbstitution of Commom Simple Radicles in the Hydro- 
carbon Molecule 

j and z are so written to indicate that thw are addtuon compoimds with NHs and 
HCN respectively The reaction with HCN can be used to make hydroxy-acids 
such as lactic aad m which the OH and COOH radicles are attached to the same 
carbon atom 


NO2 CRORCOOH CH2COOH 
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To make a higher secondaiy alcohol, a inagnesiirii ndide is treated 
vvith acetaldehyde, thus 

CH^CHO + XMgl^X (CilJ CHOH 

The higher iremDers of a seiies of alcohols may hz\ e tlie mono yalent complc\ 
radicle CH^OII of a pimiaiy alcohol, the divcjeni CHOH of a seconJaii'^^ or 
the tnsalent COH of a “tertiary alcohol ” A teiuary alcohol cjh be made by 
treatmg a ketone \'nth a magnesium sikyl halide, thus 

X, CO X, -h X, I -- >:.Xi,x,coK 


All three types may^ be lUastrated by the preparation of the three buiyi 
alcohols C^HjOH Piimary butyl alcohol (C3H7 CH2OH) can be made by 
treating formddehy de .\ith magnesium propyl lOdide TG^H^Mg!) Secondary’^ 
butyl alcohol rc»H- CH^ CHOH) can oe made by treatmg acetaldehyde 
with ethyl magnesiom icdiac (CgHgAigl) Ternary butyl alcohol, which is 
(CH 5)3 COH is made by treating acetone (CHg)2CO with magneGium methyl 
iodide v,AigCH3l) These reacnons illustrate the general prmciple mvolved 
m makmg a senes of alcohols with high molecular weight from lowei membeis 
of the same senes, hke methyl or ethyl alcohols 
To synthesize higher fatty aads from lower ones eithei of two important 
esters, ethvl malonate or ethyl aceto acetate, are used as essential reagents 
Both esters react with sodium m alcoholic solution (sodium alcoholate) to 
form (a) compounds m which one hydrogen atom is replaced by sodium 
The soium denvative reacts (b) with an alkyl halide to form an ester m 
which the alkyl group replaces the sodium atom This ester is decomposed by 
heat, yieldmg a higher acid With ethyl malonate (the ester of ethyl alcohol 
and malomc aad) the process is . 


(a) 


CHe<( 


COO C2H5 

coo C 2 H 3 


Ethyl malonate 


(b) 

(.c) 


CHNa<( 

CHX<( 


COO CgHs 

COO CgHg 
COO CgHg 

COO CgHg 


-J XI 


CH Na 


^COO CgHg 
^COO CaH-. 


CHX<^ 


COO C2H5 


N 200 C..H, 




CHX<( 


H 

COOH 


Thus if the alfryl hahde is C^Hgl (ethyl iodide) we get one of the butyric acids 
Bthyl aceto acetate obtained by action of sodium on ethyl acetate and subse- 
quent distillation with acetic aad reacts m a similar way, thus • 


(a) 

0 ) 


yCO . CHo 

CHaC; 

^COO . CgHs 
Ethyl aceto acetate 

/CO . CH, 

CH Na< 4- X] 


*\ 


COO CjHb 


CH Na<( 


CH3 CO 
COO CaHg 


CHX<( 


CHs CO 
COO CgH 


5 
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Op Lec'-ung ^_eJ ^''v^x ^ c ge^ cajstic poiash^ it decom- 

poses til A.Z 




-OH . 


„ X- 


-/CO w-JHl- 


COOH 


H eher P 7 Loci-Pi^pg p *g O^'. ac « I:e .ricac froiPL iov^^r cnc^ 

bj Ja 2 ocIlpc of ppr c J zjiL, PG. tile a ^ ^ 1 1 cjicie arcor^iag to Jie recipe 


T -> 


Thus ^actLcru. be ci*_i ii lO 1 uoae ., ^1 ne ro-iO\iing steps 


i^jr ^ , 




/'r 


- c 


fet) Nuacu^ a7^i. Stoe Chji x i.c '7^7oS — Z.^rzizl rties of Sjntheszs for 

tiie ceii^aw'Go o'" lae fc.*sy series also app*j/ tj ^rcm^Lr compounds 
winch ha'T^e a nucleus or si’^ carbon rtems \V nen OeaLng ^ ith the latter 

it IS also necessary to cistmgLusli beev'^een snbstitut^g a radicle for a hydrogen 
atom m the Sjiae chain and substituting a racncle foi a hj drogen atom attached 
to the nucleus 

The fimdamental reason foi repicsentmg the benaene molecule bj' a central 
group of SIX carbon atoms attached to one another depends on the number 
of Its substitution pioducts When only one hydrogen atom of benzene is 
replaced by a radicle, only one compound with the same formula is formed 
Thus there is one hydrocarbon CgH^CHg or C^Hg toluene:, one substance 
CjjHg COOH benzoic aad, one substance C^HgOH phenol^ one substance 
CgH- NHg amltne^ one substance CgH^ • NOg mtrobenzene, etc On the 
other hand, four substances have the formula C8H10, one corresponding 
to the substitution of CHg m the methyl xadacle of the side cham of toluene, 
and three arrangements resultmg fmm two substitutions of CHg in the 
nucleus ofbenzene, as explamed cap 509 Similarly there are four substances 
with the formula C^H^COOH, viz three toluic aads CH3 CgH4 COOH 
and one phenyl acetic aad C^Hg . CHg COOH There are four substances 
with the formula C7H7OH, benzyl alcohol CgHgCH^OH, and three nuclear 
derivatives of toluene, the toIuic phenols or cresolsy CH3 • CgH^OH Thus the 
arrangement of the atoms and radicles m an aromatic molec^e raises three 
problems (a) how we recognize whai a radicle replaces a hydrogen atom in 
the nucleus or side cham, (^) how we can recognize the various arrangements 
to which we attnbute the existence of different compounds ansmg by sub- 
stttutmg more than one radicle m the nucleus. We can get an answer to the 
first question by comparing the denvatives of benzene with those of higher 
hydrocarbons in the same senes 

If chlonne 1$ passed mto cold benzene m the presence of a catalyst, a sub- 
stance called monochlorbenzene (CgHeQ) with one substituted halogen atom 
can be obtained. It is not a typic^ haluie It is not converted mto an alcohol 
by boilihg with a dilute alkali If chlorme gas is passed mto cold toluene three 
substances with different boilmg pomts and a single chlorme atom m each 
molecule are formed These chlorch-toltienes have the same general formula 
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FtO 205 

Simple syntheses from the Benzene which Faraday first identified m Coal Tar. 
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C7H7a A fourth substance called hmzyl chloride with the same formula 
(C7H7CI) can be separated when chlorme is passed mto boilmg toluene 
Unlike the chloro-toluenes or monochlorbenzene, benzyl chlonde yields a 
typical alcohol (C7H7OH) when boilea with a dilute alkah such as sodium 
carbonate solution Benzyl chlonde yields denvatives with the same general 
formulae as the chlorotoluene denvatives Their properties are very different 
from those of the chlorotoluene or chlorobenzene denvatives 

When a mixture of strong mtnc and sulphunc aad is added slowly to cold 
benzene, one substance called mtrobenzene (QHgNOg) is produced This 
substance 1$ not much like the mtro-paraffins If benzyl chlonde is heated 
with silver mtnte a substance called phenyl-mtro-methane is found It has 
the formula C^H^NOg With the same formula (C7H7NO2) there are three 
substances called the mtrotoluenes prepared by **mtratmg” cold toluene with 
a mixture of strong mtnc and sulphunc aad The mtrotoluenes, prepared 
by a method analogous to the preparation of mtro-bcnzene, have similar 
properties to the latter They can be reduced by iron fihngs and hydrochlonc 
aad From the reduction of mtro-benzene the substance called anilme 
(ammobenzene) is formed Ammobenzene is not a t3rpical amme, as its formula 
(CfiHgNHa) would suggest Three ammo-toluenes can be made by the 
reduction of the mtro-toluenes Their formula C7H7NH2 also stands for a 
compound which can be made by the action of ammoma on benzyl chlonde 
This substance called benzylamme is a typical amme 

When a cooled mixture of sulphunc aad and anilme is treated with mtrous 
aad and subsequently heated, phenol (CeH^OH) is produced This substance 
is not hke the alcohols of the paraffin sories It does not readily fonn typical 
esters, and it cannot be formed by hydrolysis of monochlorbenzene By 
analogous treatment of the three mtro-toluenes three compounds called 
cresols (C7H7OH) can be prepared Like phenol, the cresols do not form 
esters with ordinary orgamc aads In this respect they are qmte different 
from the benzyl alcohol which can also be represented by the formula 
C7H7OH 

Thus we get one class of substitution products with analogous properties 
to those of benzene when we treat toluene m the same way Correspondmg 
to each benzene derivative m which only one hydrogen atom is replaced by 
a radicle, three slightly different toluene compoimds with only one substituted 
radicle can be formed A second dass of smgle denvatives with correspondmg 
formulae can also be made from toluene* The properties of these compounds 
do not resemble those of simple benzene denvatives Benzene has no side 
chatn Only one substitution product can be formed from it when only one 
hydrogen atom is replaced The replacement must occur m the ^‘nucleus 
Toluene has a side chain Relative to the side chain there are three different 
positions in which any of the five hydrogen atoms of the nucleus can be 
replaced Hence there should be three substitution products by replacement 
of a hydrogen atom m the nucleus Besides this a totally different kmd of 
substitution can occur m the toluene molecule One (or more) of the hydrogen 
atoms of the side chain itself can be replaced* Smce the d^s of denvatives 
of which benzyl chlonde is the parent substance do not resemble chlo]> 
benzene compounds, we condude that the doss of winch benzyl Monde is 
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the parent ts due to side chain sabstitutiony and that 'iMe chat^s> 'it»hi>tiul'>on leads 
to the production of compounds with properties those of panoffin 

derivatives 

The methods ot substitution appropnale to each class are sommanzed 
in the accompanying table^ whiCh calls Tor a 'iw^ord of ezplonatioii The 
aromatic hydrocarbons readily combme strong sulplionc acic to form 
**sulphomc acid^^ derivatives m viuch the xacLcIe fHSOJ replaces one or 
more hydrogen atoms of the nucleus These ctenvaiives v^hen hcatec^ gi'/e iiat 


METHODS OF SUBSTiTaTION 


Radicle 

Nuclei 

S^dc Caam 

Cl Br 

1 , 
i PassCljor Ergm’-occldinpieceiice i 
^ of a cat'^lyst (locLnea eic / 

P^s CSg or Lrg jdio bojhng 


NO2 

, Acuon of strong mtnc acid 

1 

Action of siive* mmtc 

CN 

KCN on chloro-denvame 

KCN on cLloio-demauve 

COOH 

(a) Oxidation of alkyl group at- 
tached to nucleus by KAln04 
(&) Hydrolysis of CK denvative 

Hydroly^^s of CN denvanve 

OH 

(a) Reduction of NHg deiivative 
by nitrous aad 

(b) Heating sulphuric aad deriva 
uve dry with NaOH 

(d) Reducnon of NHg denvanve 
by mtrous aad 

(b) Hydrolysis of halogen deriva- 
tive with KOH 

NHg 

Reduction ol Nitro denvanve with 
nn and HCl 

Reducnon of Nitro deixvati * e with 
tin and HCl 

Alkyl 

Boil with alkyl hahde, using anhy- 
drous aliimmium chlozide as 
catalyst 

Treat with alkyl hahde in pres- 
ence ot sodium 


to phenols, i e OH nuclear subsutution products Treatment of aromatic 
hydrocarbons with either mtnc or sulphuric acid may give nse to one, 
two, or more [e g trimtrotoluene CHg CeH2(N02),3 nuclear substitutions 
according to the time and heat applied One other pomt worth mentiomng 
is that any alkyl group in the nucleus of an aromatic compound is converted 
mto the xadide COOH by the action of an oxidizing agent like potassium 
pe rm a n ga n ate Hence ethyl benzene . CgHg is oxidized to benzoic 

aad C^H5 . COOH, but the three xylenes CgH4(CH3)2 are oxidized to the 
phthalic aads CqH^(CX) 01 X )2 two COOH radicles. 

Another question which arises when identifymg or synthesizmg aromatic 
compounds is how various substances may result from the mutual rdations 
of the same radicles m the nuclear part of the molecule When there are two 
radicles as m xylene we distmguisb three possible arrangements, called the 
ortho (o), meta (i»), and para (p) fbrms, whi^ h»v^ very smnlar ch^ooical but 






















Fig 266 — Some Bbjjzeiseb Derivatives 


Tffdrojy-pbmol (CKCLtHOL) 
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Fig 267. — Simple Symtbbses Based on the T<«.dbnb of Light Oil r:f>AT, tar 
* The antz-febnle drug called salicylic acid is the ortho compound 
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different properties (sioh (soiling points)^ according as the radicles 

are ne'*:!, nest b*.* cne^ or nes tvc^ :ipait^ vi2 


A 

A 

A 

< 

/■ 

V 

V 

/'s 

{0; 5 ' 


I 

A 


The lecognition or each of* siiese dcpcnas on inserting another radicle m the 
nucleos If Jie s*-bstance -.s a paia-coripoiind i^iih two identical 

radicles (^A) k.tiis can oniv oe done in one wcjs since the ttnrd (B) must be 
nest to one or tne other and is 


p 


A 




If It IS an ortho compound^ this can be done m two \\a>s since the third may 
be next to one of the others or next but one 


A 





or (u) 


A 

®u 


If It IS a jueta compound, a mixture of three products may result, because 
the third may be between the other two, next to one only, or next to neither, 
thus 


A A A 



The pictorial hexagon of carbon atoms is suffiaently justified by die fact 
that this rule apphes consistently to the substitution products of any aromatic 
compound Thus p-xylene, which only forms one tnmethylbenzene 
CeH 3 (CH 3 )g by nuclear substitution of an additional methyl ladid^ is 
oxidized to p-phthahc ttarepMhahc) aad CgH 4 (COOE 029 which only yidds 
one substance CqH 3(N02)CC00H)2 when a mtro group is mtroduced. On 
the other hand, o-:^lene, which yidds two tnmethjdbenzenes, is oxidized to 
form ordinary phthalic (a-phthahc) aad which yields two substances with 
the constitution CsH 3 (NOa)(CX>OH) 2 > The meta form of xylene yields the 
some two tomethylbeazenes together with a third one, ntesttylene or 1 — 3 — 6 
tnmethyl benzene Needless to say, die hexagon figure is merely a diagram 
It IS not a picture of the molecule, which no one has ever seen It is a plan of 
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acdOB v^hjch^ lil e the ofJuancc suir^e^ u% rov co get scowhere 

and ho\^ to recognue v^cn ba cc" ’" ..eic 

Once LeaViHg bCtJea Is^w «.o o: pa^a fcrni Vve can 

stud\ the conditicps v'vbtcn tiw Jicn oi ^jcLcl’s to get tne 

best >ield of tne one we v c*n T %c raiec Sw.. xiia-ize v nat we jQc^ve to do, if 
v^e wish to get the bes^ % ir sab«‘Utw^'"g a t'^cond r^iCbcle an Jae macleus of 
a benzene denvati\ s 

(i) A second groan j^reieib tii^e jns c. 'Gbiiio^i lO wine or Ae fb^loiMag 

already attached to tre ri-ckab 

IISO^ Clio C_'' GOOfl hiOj 

(u) A mixture oaiPk co.-^pcscif of orLho and j coanpoa^ds is foimea 
if one of die fsilo.'u’g ».lie".dy atL?caed 

Alaylj halogen, OH# 

Hence when we aic .rpp i' ina nneo Tor stde chain uia naclear substitution, 
the route chosen dcoecds Ci i> Inch t] pa of a compound is requued Foi 
instance, if we wan* lo na c a tolmc aldehyde from henzene, we obtain the 
para form thus 



a CN cooil CHO 

To get the meta form we proceed thus 

CHo coon COOH COOH CHO 



In the less volatile fractions of coal tar there are aromatic hydrocarbons with 
nuclei of more than six carbon atoms The two most important are naphtha- 
lene QqHs (also present m Russian petroleum) and anthracene Ci4Hjo 
Anthracene is the parent substance used in the synthesis of alizarm The 
simplest are the azo dyes derived from the anilines or nuclear NHg substitu- 
tion products of the benzene senes When the aromatic amines are reduced 
With nitrous acid they yield alcohols When the anilines are reduced with 
nitrous aad they only yidd phenols after prolonged boilmg. The first product 
of reaction m cold solution is a “diazo” salt which combmes with phenols and 
vanous- other benzene derivatives to form nchly coloured substances. 

A PLANNED ECONOMY OF CARBON COMPOUNDS 

Although the discovery of benzene in coal tar was made by Faraday m 
England, where the commercial exploitation of coal tar products first 
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developer, r^nt od ^e 3-.^-.sii ij- d^,e jcidastry \^as almost 

entiXu^v r^eg^ee^ed ul^ v c: 3 opea*"-. "'Sa od IjI4-lS The story or 

me C3^e jLCwCr, tc*..' 03 * 3 '" pj^soge frooi Chemi^Uy 

Trut'’7jf2y 

Iji *o 5C OwC^rrrsd :: c.p cJ: ."Lr--*! wS-ji 13 jrtror* S-t^ ?7*3£am Henry 

?er*^5 or*'jn3 tne ie^ore-dp 7 313 uz^r a professor at the 

Rovch Cedege od C^cjtl g, zj: _-oraoo acc aien^c ^3v cL^co\cred 

c.-TAcn3 tl-e c^^^w*or: ■fc.O'Ww O— o error- *c aczc. a compoimd ex- 

h^DJtmg ^netoriSi p*.opejrjwS it res, drc- c^’^e VTithin a year 

CISS?) a sina»° plaa?^ P^r. n w C.ct .do--. Cre^n and dtis violet 

eye ■^mdei d e _an e od n e -t <'ice comi-CAC^'^’- production Tne 

starting poin.^ il->iS c;e an_i2 v rren ^3 ne anuno (NH"2 

eerivaave of oenzenej r-LJL^<=‘ p ^p«-ec e^ -ctioa od me n‘tro fKOj) 
derivative or urnzene axis ng C3 actiO-T c" -l- ..ic 1 d <,I-iNO ; xp'^n oenzene 
Itself These manLfpCLjrmp Swept, were "^augl'r^ ^ '‘r c^d-tes ana eiipense 
An^xhing Idte cner ^lca eonjrcl i^aionn, mes ^ ’rere aO’tt »n an 
o^adizing agent uoon cma^. '•ndre a -ecA tno n as --w*genwa made its 
appearance Tn*c ^actei r»aa placed in comirerc.a nrcuiiwt or. ,n ’850 at Ljons, 
France In jSCS the Gerrrajj chea:3..«!ts Giaebc .jaa L e^erninoii atart^ ig witli 
anthracene (a hjdiccaibon isolatco frem coai-tary, abie to synthesize a 

naturally occurring dye knowm as olizaiina ahich vben precipitated on fibre 
IS called turbey red 'Ihia d>e was then obtained fro n tne roots of tne maaaer 
plant • . Thus the chemist was brought directiv *n conflict with one of the 
oldest of ogiicuitusal pursuits > this dye was u^ed by tiie ancient Egyptians on 
mummy cloths Still anothei class of dyes called azo dyes> by reason of thetr 
containmg a pair of nitrogen (called a*^ote in French) atoms^ was discovered in 
Hofmann’s laboratory m 1858 by Peter Gness But this growing mterest m 
synthetic chemistry was soon to be transferred to Germany whither Hofmann 
returned in 1865 From this latter date to 1874 there was not even a professor- 
ship in orgamc cnemistry m all England No instance of such extreme stupidity 
on the part of any two nations has ever been recorded m the history of the 
world as when France and England gave up the dye mdustry to Germany 
By 1880 the dye industry^ under German tutelage, was rapidly gaming recog- 
mtion. The umnvitmg coal-tar distillates constituted the source of its various 
hydrocarbon startmg pomts . At about this nme von Baeyer’s unravelling 
of the constitution of mdigotme (mdigo) turned everyone’s attention to its 
possible manufacture Indeed this may be desenbed as the goal of goals among 
early chemists Even after Heumann’s discovery m 1890 of the phenyl glycme 
process (as m use to-day) seven more years were required before actual manu- 
facture became feasible, October, 1897, marks the date when this king of the 
dyes first entered commercial production The reasons for such delay were not 
far to seek The state of manufacturing art was low In the process imder 
question a concentrated sulphunc aad (HaSO^), an abundance of chlorme 
(Cl), and a strong caustic soda hquor (NaOH) were absolutely necessary 
— ^to say nothmg of the orgamc chemicals mvolved Now these prerequisites 
were simply unattainable m quantity Not nU 1901 can the Kmetsch contact 
sulphunc acid process be desenbed as having attamed practicabihty Before 
1890 there was absolutely no appreaable supply of chlorme m the world. In 
that year the Gnesheim diaphragm cell, apphcable to aqueous salt solutions, 
was placed m actual operation Its development paved the way for mdigo In 
this cell an aqueous sodium chlonde solution was decomposed by means of 
an eleeme currant, yieldiz^p chlorme at one electrode and a solution of caustic 
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soda at the other This new type of cell, and others following, have ail 

but made the electrolytic chlorme-caubtic process supreme This urge to attain 
the mdigo victory so long m the m akin g— o\ ei mneteen years smce its first 
laboratory synthesis, raised the state of chemical knowledge everywhere and 
pomted to better control m all industry It was not long before the mdigo 
chemist sought even to better his product beyond that provided by nature 
through many millennia In 1909 Friedlaender synthesi7ed 6, 6''-dibrommdigo- 
tme and foimd it identical with Tynan purple of the ancients, over 12,000 
molluscs (Murex biandarts) were collected on Itahan shoies to yield 1 4 grams 
of this dye to confirm his research And to-day we brominaie mdigo duectly 
to a number of valuable fast dyes, notable among which is a tetrabrom mdigo 
(Ciba Blue 2B) far superior to the ancient T 3 man purple of similar constitu- 
tion Agam m 1905 Friedlaender discovered the beautiful red thiomdigo, a 
direct coimterpart of mdigotme wherem the immo (NH) groups of the latter 
are replaced by sulphur (thio) atoms In general these in digoid dyes 

constitute our first vat dyes, dyes that are capable of reduction to a soluble 
leuco or colourless base m “vats” or tube, and from which soluuons the im- 
mersed textiles absorb the colourless base to be dyed (i e impregnated with 
the ongmal msoluble dye) immediately that they are exposed to the oxidismg 
action of air In 1901 R Bohn discovered another t 3 rpe of vat dye called mdan- 
threne In bnliiance and fastness to hght it has few competitors Furthermore, 
by halogenation this fastness is enhanced Possibly no class of dyes has attracted 
more attention of late than cermm of the azo colours, they lend themselves most 
admirably to development upon the newer silks We should not forget 

that discovery is far ahead of practice We now know the constitution of many 
naturally occumng compotmds for which we have no adequately serviceable 
manufactunng steps Perhaps they will contmue to be procured direct from 
nature We may mention the dye curcumin (from turmeric) used m foods, the 
dye haemateip (from logwood) used on silk, and the mterestmg but complex 
msecuade rotenone from dems root). 

The synthetic dye industry was nursed into supremacy by the autocratic 
Prussian state after English chemists had discovered the first coal tar colour 
In the dosing years of the mneteenth century unrestncted private enterprise 
was no longer a suffiaent guarantee of contmued technical progress, and 
the gap between theory and practice has become much greater smce then 
A high level of chemical maniifacture is now possible without the soaal 
pattern of urban congestion which developed m association with the coal 
economy of pnvate enterprise Withm the existing firamework of private 
enterprise there are already processes which might be developed furdier to 
provide the basis of a planned economy of human wdfare with due regard 
to a congemal andheal^y distribution of population 

Perhaps the most important facet of recent progress in chemical m'anu- 
facture r^arded from this standpomt is the substitution of cellulose for 
natural silk The artificial silk mdustry is of very recent ongm. It is already 
piomotmg research into a host of new problems, and among other mdirect 
consequences is likely to revolutionize the production of sugar* Referrmg to 
its growth^ Hale says (op. at.); 

In 1892 the discoveries of Cross and Bevan m England on cellulose and its 
conversion into a sodium cellulose, with fitifl]! tT ttn«fb rmati on . by action of 
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carbon biSLlphademto asoiabie cellolose ^^anthatCa offered immediate possibilities 
of reprec-pitrimg the celljuose from tens ‘Hnscose** state mto the form of threads 
Regencratec cellulose saecw^ rence.ea pLaoie by admixture Yiith a softener, gen- 
erallv gtyceroL is v e‘i ^zrfo\vn urdei thetraceoaark ‘‘Cellophane ” Other methods 
nave come mto use Notabi 3 f the reaaction of nitrocellulose, the dissolving of 
cellulose m copper ammonium solution ana reprecipitatxon, and particularly 
the production of ceilulose esters (as ceiiulose acetate or celanese) and their 
direct emplo 3 nncnt m the ar^s Derivatives of these products by higher acids are 
now m tne makmg They will revolulioiuze the layon mdustry The maceration 
of woody materials into pulp of high cellulosic content has long been m opera- 
tion and mcreasmg amounts are m demand The hydrolysis, however, of 
ceiiulose and starch by oJute acids into aes.trjae and finally glucose is the 
outstanding development m commercial i eversion of one of nature’s great 
steps The Bergius process for glucose direct from sawaust calls for hydro- 
chloric acid, ana the method devised for recovery of this hydrochloric acid 
makes for an economical operaaon 

The production of sugar from cellulose or from other complex carbo- 
hydrates may m course of tune replace the present custom of growmg local 
species w^hich store carbohydrates m the form of sugar (e g cane, maple, 
beet) by the production of any species which manufacture carbohydrates 
rapidly Few plants grow so rapidly as the Jerusalem artichoke which has a 
very wide distribution The Jerusalem artichoke produces cellulose m the 
woody fibre of stem and another complex carbohydrate tnuhn which acts as a 
sugar store m the tubers This polysacchande is easily broken dovm mto its 
ultimate bricks of simple sugar molecules, yieldmg fructose or levulose 
(sometimes called levose by Amencan writers) which is three times as sweet 
as glucose and one and a half tunes as sweet as cane sugar Cane sugar yields 
a mixture of glucose and fructose Eatmg levose is less dangerous to diabeucs 
than eatmg cane sugar It is absorbed much less qmckly than glucose A small 
operatmg plant for produemg it already exists m Iowa 

A bnef accoimt of the recent manufacture of wood sugar m Germany is 
given m an article on the Search for StibsMutes by J G Crowther 

Kirchoff, of St Petersburg, prepared a suganfied starch m 1811 Bight 
years later Braconnet showed that sugars could be obtamed from cellulose 
with sulphuric acid In 1855 Mehseas showed that hydrochloric acid could also 
be used Bergius and his colleagues have improved the hydrochloric acid 
process, and it is now m commercial operation The wood gives a raw product 
containing 90 per cent of mixed sugars This may be fed to cattle and fattens 
pigs well Its nutritive value is equal to that of barley fliour In May, 1933, a 
wood-sugar factory, with a yearly output of 6,000-8,000 tons of pure carbo- 
hydrates, began production The wood-sugar mdustry has been greatly ex- 
tended smee. * • The hgnm residues from the process are used for makmg 
buttons and the like . Only half of the wood m trees is used as lumber 
the rest is waste The waste chips, twigs, and sawdust provide an unlimited 
source of sugar Bergius states that wood-sugar can be produced m the timber 
countries, such as the Baltic States and Canada, more cheaply than cane 
sugar, and give yeast and pure glucose for human consumption besides raw 
products for cattle fodder As carbohydrates are the basis of animal and human 
nutrition he claims that all countries with adequate wood supplies can, if they 
w3sh, make themselves self*supportmg m food The Germans hope that cattle 
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fed on wood sugars will provide self-suflSciency m edible fats The German 
deficiency m edible fats otherwise remams on mtraw-table problem The duect 
synthetic manufacture of edible fat^ <jut of imncral oils denvea from coal is 
still remote Edible tats may be made out cf fish oils by hydrogenation;, but 
even fish oils must be imported There is another important aspect of the wood- 
sugar process The glucose prc\*ied by it may be fermented by bacteria to 
give giycerme Nitro-gljcerinej tl^e e-vpios^ve^ jS obtamed fiom glycerine b^ 
treatment witli nitnc and sulphuiic acids 

The disappearance of localised sugar production is one of many ways m 
which advancing suentific knowledge is making it possible to break down 
the sharp line of demarcation between mdustnal and agricultural communi- 
ties and to rebu’*d industry on a biotechmcal basis The dairy bacteriologist 
has already mode the local quahtv of cheeses an anachromsm Apart from 
cheese-making, the domesucation of bacteria has been apphed as an empirical 
art m the ancient industnes of biewing and the practice of crop rotation 
Biochemists arc cLuh finding out how fresh processes can be canned out by 
the agency of orgamsms which the bacteriologist can culture Thus the 
essential hydrocarbon of coal gas itself can be produced m this way The 
ensuing quotation is fiom Hale’s book 

The biological hydrogenation of carbon dioxide has been demonstrated as 
far back as 1010 by Soehngen Carbon dioxide and hydrogen brought m 
contact With putrifymg bacteria yield methane Recently Fran? Fischer isolated 
from sew’age certain bactei la that actually were able to reduce carbon monoxide 
with hydrogen into methane fheie was found to arise to some extent an 
equilibrium between carbon monoxide and water as agamst carbon dioxide and 
hydrogen It is possible tliat carbon dioxide and hydrogen are first converted 
into formic acid and then into acetic acid as mtermediate products, at all 
events methane w^as the end product It is known tliat fish m some way are able 
to hydrolyze chlorobenzene mto phenol Who knows but that some day the 
work of a corps of cold blooded ammals will replace a high temperature, high 
pressure installation as of to-day? 

The production of power alcohol which has been made the subject of much 
attention durmg the recent agncultural depression m America illustrates the 
rapprochement of industry and agnculture through the apphcation of organic 
chemistry in another way Its extorsive development would depnve coal and 
petrol of their predominance as crude articles of commerce, and by so domg 
encourage the use of other substitutes for the by-products of the coal and 
petrol industnes How far these tjti^encies will develop withm the economy 
of pnvate enterprise no one can foresee. There is httle doubt that they will 
progress locally here and there, and that the results will brmg forth mcreasmg 
rcstnctions and subsidies to reinforce pre-existmg processes, where intelligent 
statesmanship finis to recognize how new resources could enneh human life 
if their use were rauonally planned 

EXAMPLES ON CHAPTER X 

2 The formuk for iu:etic acid O .H State (a) two senes 

of reactions which show the CH, (methyl) radici^ (jf) two senes 
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of reactiont ,u tify scp‘^rat- 2 g Dre ajdrogen from the otheis, (c) three 

series of reactions WjLucIi sho^^ tri** precence a CO racLcle 

2 Tv^o sabstancesj e^ch tames as dense as hydrogen, 

na\e the same pe^ceniage eoe: po ^cr C o2 2 C 24. % H il Contrast their 
reactions by applying \vhat \o*. c.l^ ^ the pr^L^pIe oL and the 

characteiistics v^bich (JLfierent cachet conur c*na h^v* one coolu oe made 
from the oth-r 

3 Compare me properties c2fc^ uf mo’se^ar r*c .7 it 75 hi\mg 

the foUowmg percentage compos non -^2 7, LyJrcjer i* 7, nitrogen 

’8 7, carbon 32 How womu jou £ra*te caC' of mem" 

4 How many d-fiereni conipo int's a s'f tole g^Owp of cjiccn a*oms 

can have iLe foimula CgH^Cl^ rfov~ » Ci. up eac i hon* oenzeuw ^ 

5 Four substances witn r staoie sii^-caibon iiuciets na^e the form a a 

C 7 H 7 OH Represent now they cLfie. ViiJ: a rcrmina Ho^ \^ould loa 

(a) make them from coal tar^ (t>) recogmze them ^ 

6 Four substances with a stance sm cai r ocicu ^ e the farm Lila 

C^H^NOa How do theiT properties ddTer*^ 

7 Write down the compoimds vhich can na^c the iol!o\rmg to-tm^ae Aitn 
their properties and methods of pieparation 

(a) C^Hj^KOCl 

(b) Cail^CNO 
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PART III 

TJte Conq^tiest of I*ouo&r 


Axid did tlie couxitexiaxice dj.vme 

Shine forth upon our clouded hills'^ 
And was Jerusalem builded here 
Among these dark satanic mxlls? 
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alreac', ti— s Tox <_ ooc-v la ~i*.ca ’ ? cescr.Lca a tuU'Ir-'C aev,’ 

de^ iCas I'JoTV'icidy' "e wTS c' c ^..i.al'* of i^bP.i. tecjaolcg..C£il piC^rsss cts a 
speaax wh"' .aaciisac c f capnxmsai uia iLji<;b.eeaU::b ceat.^\ So it ib semow hat 
starti-dis *-0 ireet toase VkOrd& ui tee r ov a ccricrt la a Dioad sense ol the 
temi tae ®nxteendi century had fcsea a centufv cf in' endb^as IXe\''e'tbx’'g their 
consequences ai li e Xcourt' 0?j( 7A'»” Bi con wTotc 


II is S'cll to observe the force aObi vutue and consequence of discovenes, 
and these ate to be seen nowhere more conspicuously than m those three which 
'verc unknown to the ‘UMieixts namely^ prmtuig, gunpowder and the 
magnet Fci these thiee have changed the whole face and state of thmgs 
throughout the worlJj the first m literature, the second m warfare, and the 
third m navigation ^STience have followed innumerable changes, in so much 
that no empire, no sect, no stai seems to have exerted greater power and influ- 
ence m human affairs than these mechamcal discovenes 


According to a widely prevalent dogma, the spectacular technological 
progress which has accompamed the avilixation of noithem Europe is due 
to the pecuhar attnbutes of tall people endowed with blue eyes, &ir hair, 
and no sense of humour 1 he circumstances which abetted the adventurous 
hopefulness of early capitalism provide very httle basis for dus behef The 
mventions which were crowded mto one and the same social context during 
two centuries before Bacon pleaded for a New Learmng mcluded the clock, 
spectacles, the telescope, the manner’s compass, the p rinting press, gun- 
powder, the use of coal as fuel, stringed musi^ instruments with k^, 
wmd power for com-miUs, and water power to pump flooded mmes Of these 
there is good reason to regard the first as a device which developed mitially 
to meet the special requirements of northern latitudes and later to serve uses 
of westerly navigation Prmtmg, gunpowder, coal as fuel, the compass, water 
power, and wmd power, had lor^ bera known to the Qunese Steam bellows 
which were now beu^ used m mmes had been outstnpped by Hero’s turbine 
The mtroduction of spectacles and stringed instniments had been sponsored 
by the educ and ntual of a rdigion which was not mvented by Nordic man 
What was essentially new m Ae situation which inaugurated the modem 
era of power production was that arcumstances simultaneously forced upon 
the notice of an expanding literate population a variety of devices which 
had not beoomse part of the everyday l^e of the oomparativdly small group 
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of people competent^ elsewhere and m ancient tunes, to transmit a written 
record of useful information 

Consider, for example, the smgle mvention which fathered the science of 
electrical power production Thales of Miletus, a merchant of Tynan 
parentage, knew of the lodestone, and it is not unlikely that he got his know- 
ledge from the Phoemcian manners, from whom he also learned the art 
of navigatmg by the position of the stars m the Little Bear How far the 
lodestone was used m anaent navigation we do not know It was famihar to 
the Chinese, who were not conspicuous for their mantime opportumties or 












Fig 268 — ^Hanseatic Cog about X480 
From S, C Gilfillan’s book Inventing the Ship 

exploits, before the b^mning of the Chnsban era The need for it was not 
imperative so long as the centre of world navigation was located in 
where the more ancient techmque of star-lore served well gjgt 

hear of its use m Scandinavia about the tune of Lief Enccson’s renowned 
espedinou to Vmland, beneath the grey skies of a sea route, where stellar or 
solar navigation vrould have been utterly impracticable It becomes an 
important fact m the social life of mankmd when coast line jg giving 

phce to long-distance voyages Then the manufecture of compasses to n^ 
the needs of expandu^ merchant entetpiise becomes an industry with 
technological problems which demand access to the written tectods of the 
TOy^es of the tune A Wappmg 0Qmpa» maker claims the honour of wntmg 
^ firrt pnntcd book mhi^y devoted to the phenomena of magnetiam. 
The sc^ ooodrtnms fiw the steady advance mmated by this 
m the histoty of aaeotific mt^nedsm include the expansion of mawtitw 
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trade, the existence of the printing press and of shops where books are sold, 
the provision of instruction in the art of reading available to compass makers 
and ship's pilots, and, at the Court of Elizabeth, an influential body of men 
whose opulence depended on success m a struggle for colonization and 
plunder against competitors equipped with Chinese gunpowder and Arabic 
astronomy 

The material achievement of science m the ancient world was to provide 
mankind with the knowledge required to regulate the seasonal pursmts of a 



Fig 269 — CoLUAiBus’ *‘Santa Maria” 
From S C Gilfillan’s book Inventtng the Skip^ 


local economy by use of a reliable calendar, and to undertake the e:q>loration 
of new temtones as sources of new materials by equipping ocean transport 
with the means of localization No corpus of organized scientific knowl^ge 
was available to guide the search for material substitutes nor to provide 
sources of power to rqpkce human toil. 

The soci^ history of power production may be roughly divided mto thme 
chapters, the anaent, the mid^, and the modem. The signal achievements 
of the first were the substitution of animal for slave labour and the mtroduc- 
non of the sail as an aid to naviganon Both mvennons promoted the drSiision 
of culture by providnig means of trade mtercourse between locally self- 
sufficient commumnes. The ox was kqpt to tread com and to draw sledges 
or rough carts before civilized man slowly acquired the art of harnessing 
the horse In anaent Egypt the horse vras not known, tdl the country became 
a prey to inroads of Asiatic tnbcs which had long used it as a steed Because 
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of their great speeds vehicles dnven by horses became a powerful 
of warfare popularized m the Persian ca^npaigns Speed created a neve 
technical demand for preasion m wheel design, end smee the m?f'„anicat 
possibilities of a wheel are not self ev^uent, ..e maj surmise dial ihe exploits 
of the chanoteer w ere a neccosarv' prepara..on for a second cla«s of innovations 
The use of the wheel can be traced to the potter’s art na tl e dawn of 
Mesopotamian civilizaUon X^hen the Alexandrian age begins, hoise- driven 
chariots had made the wheel a fimihar fact of everyday life During what 
may be called the middle chapter of the story, knowledge of w heel mec‘'a^- 



Fio 270—^0 Prints TMM Agsicola’s Tkfatise showing Human (Treadmill^ 
AND Mechanical (Water) Power Used ro Raise Loads from Mines 


isms for tapping inanimate sources of power spread slowly through the 
avihzed world Water wheels used for imgation existed m ancient Babylon 
From the desenpnon of Vitruvius it appears that power was being transmitted 
^toothed wheels at the end of the first century B c * Wmdmills, probably of 
Ou^e ongm, were known m Persia at least as early as the wntV. century 
of the present eta, and water-dnven sawmills raosted in the Roman Empire 
as early as the fourth century. By the eleventh century the use of wmd and 
power was widely spread throughout Europe, 

Modem power production bt^ms with the use of steam in the mi/fdlf of 
foe seventeenth century During the eighteenth century steam-dnven pumps 
oummg coal as fuel were adapted to maintain a supply of water for mill 

1936k'’i^fe BuU Me Bern et Soc 3e (November 
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n^eels m t:ic Poitenesj m Scc'iana, and elsewhere m Bntain The direct 
prodaCu_on of porer v.as esuped^ted hy the fact that water 

vjieejs h^d imo 'ocing a ^ xr^et} cf dev.ceb depending on heavy 

sources of pc^er fo^ ic — s or lO minings fulling^ 

mecCllwJig^ ^ anc oJi'— manuracn.i.e 2 'Ire cor“'p£ eh rap*n estensioa of 
Vrc^ter- ana m arc-cLr en mechemsm^ Cw mg tne imee cenrd-*es before Bacon^ 
time v?as tne^cfore a necessary pre-ade me tecnaica! re'^'olution which 
began a cen"*urv iatcx 

A hnn^area or so incidwjcig « steam rurome^ catalogued by Hero 

[cAca 150 3 c ) and tne ^anods invenusns attrib^ma to Ctcs*bms (see p 2.-i0) 
show no lack of ingen^^t} tc e'^p.om SxOw rrcgrecs m the e'^p^c*tatioa of 
natural power by the Medicenancar t-o.Ici In T v Q^'^est Jo Poz J 7 All 
Vowies anc ins v/Jle strte the*i. v'^c Jsat ‘ the abortion of sia^ ery bv the 
Emperor Constani-ne rmd rae com er-iop by Honor^L^a ana x\rccdias of free 
distiibution of com to a daily allovvancc of bre^d mi-Si. na^ e gzcatl] stunulated 
the demand for water po^v^er for com mJung parpeses ” Be that as it n:ay> 
there is little doubt that sla\er> acted as a deaa weign! cn the progress ot 
power technology m the civxhzations of pjQtiquitj AgneoL's treatise gi\es us 
many illustrations of the use of water po^v’er in mmmg operations which 
could no longer lely cn abundant somces of cheap la'jom The sheer impose i« 
bihty of estendmg deep shafts without new sources of power to compensate 
for lack of cheap and abundant labour brought about a new tempo of 
mechamcal progress towards the end of the Middle Ages 

Steam had been used m ancient metallurgical processes as a substitute 
for bellows worked hy hand By the seventeenth century it had been largely 
superseded by the water wheel, which was now bemg used to dram water 
from flooded mmes The accumulation of water m mines was a far more 
serious problem m the humid north than it had been m the deep shaft 
mining of the ancient world Indeed it was one of the major technological 
problems of the penod Steam began to be used as a source of power for 
pumpmg m the closmg years of the seventeenth century, and the modem use 
of steam therefore emerges m the same social context as its only use in 
antiqmty 

In the middle of the seventeenth century the development of mechanical 
power received for the first tune a direct impetus from advancmg scientific 
knowledge In connexion with his experiments on the weight of the atmo- 
sphere von Guencke had shown that the vacuum could be used as a means 
of distnbutmg power at a distance and had (Fig 271) constructed a model 
in which a weight was raised by a piston mechanism Von Guencke’s sug- 
gestion for communicatmg power at a distance was a simple apphcation of 
the new air pump which Hooke was usmg m England A similar model, m 
which the motive force was the external pressure of the atmosphere, seems 
to have been demonstrated at early meetmgs of the Enghsh Royal Society 
by Papm, then Curator It played an important part m the earliest attempts 
to apply steam power 

English Royal Soaety was founded about the time when the first 
steam pumps were mtroduced, and its personnel was active m studymg 
problei^ connected with their use and design It had begun as informal 



552 Science for the Citizen 

gathenngs of a group of scieutific men who met first m the rooms of Sir 
Wilham Petty, author of the Political Arithmetic An early reference to this 
group originally called die “Invisible College” is mentioned m the foUowmg 
citation from the Record of the Royal Society 

Writing from London on October 22, 1646, to M Marcombes (who had been 
his French tutor m England), Boyle alludes to his studies m “natural philosophy 
and husbandry accordmg to the pnnciples of our new philosophical colledge 
that values no knowledge but as it hath a tendency to use ” He asks his corre- 
spondent to bnng from abroad with him to England “good receipts or choice 
books on any of these subjects which you can procure, which will make you 
extremely welcome to our motsible college ” 



Von Guencke's pump for raising a weight by transmission of reduced pressure is 
essentudly the basis of the vacuum brakes used on trams today 

The fibcst history of the Royal Society by Thomas Spxa^ Lord Bishop of 
Rochester, is redolent widi the amaety of the onginal fdlows to promote the 
development of mechanical mventions as the^fisundation of Engltsh pros- 
perity. In tracing the begmnmgs of the Invisible College during the years 
which immediately preened the first revolution of Stuart times. Sprat 
remarks: 

I shall only mention one great man who had the true imagmatiim of the whole 
i&ctent of this Enterprise as it is now sec on foot, and that is the Lord Bacon m 
whose books there are everywhere scattered the best arguments that can be 
produced tor the Defence of experimental philosophy, and the best Directions 
that ate needful to promom it. 

Bacon’s detonce of eqierimental philosophy is now a wdl-thumbed brief. 
His directions to proaote it are fiicgotten, though “adorned with so much 
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arts” as Sprat appraised It \^omd De hard to find a better statement of what 
Hessen calls the ooity of theory and practice than the passage ■which opens 
^vith the following words m the NoVi^m Organutis 


The roads to hiiman power and to ht^an icnowledge lie close togetherj and 
are nearly tne samCs nevertheless^ on accoont of the permcious and mveterate 
naoit of dwelling on abstractions^ it is saTei to begin and raise the sciences from 
those foundations which have relauon to pracnce and let tne active part be as 
the seal wnich prmts and detennmes: tae contemplative counterpart 



Fig 272 — Schematic Reconstruction of the Marquis of ^JTorcester’s Patent 
FOR Raising Water by Steam Power 

When all three taps are closed steam collects m the space above the boiler*' When 
A and C are opened, and B is closed, the pressure of the steam drives water out of the 
cistern If C and A are turned off, the steam condenses, producmg a partial \ acuum 
When B is turned on water is drawn up from the source below the cistern by the 
excess atmosphere pressure at the source 

In this spmt the Royal Soaety began its labours The project included 
a conspectus of all the pnnapal technological problems w^ch affected 
British mercantile supremacy and the theoretical issues relevant to their 
solution The exploitation of steam power was one among other con- 
temporary issues which enhsted the enthusiasm of the early Fellows 

**They design,” Sprat tells us, *‘the multiplying and beautifymg of the 
mechamck arts. . They mtend the perfection of gravmg statuary, hmning, 
coming and all the works of smiths m iron or steel or sil-ver They purpose 

the trial of all manner of operations by Fire . They resolve to restore, 
to enlarge, to examine Physick. . . They have bestowed much consideration 
on the propagation of Fruits and trees They have principally consulted 

the Advancement of Navigation . . They have employed much Time m 

examining the Fabxick of Ships, the forms of their sails, the shapes of their 
keels, the sorts of Timber, the planting of Fir, the bettermg of pitch and Tar 
and Tackling ** 
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The earhest heat engines were devices in which a vacuum was created 
by filling a closed space with steam^ and then forcmg the steam to condense 
b> cooling It In the Marquis of Worcester’s patent, and m the later device of 
Sa\ery (1008), the condenser was m direct connexion with the water which 
was bemg pumped away (Figs 272 and 273) In Newcomen’s engme (Fig 
274), which was introduced for draining the Cormsh mines m the second 
decade of eighteenth century, the condensation of the stea m mduced the 
fall of a piston which was connected with the pump rod by a lever of wood 
The steps which led to this combmation of the von Guencke (or Papm) 
prmaple and the Worcester mvention illustrate the close relation between 
the leaders of EngLsh science and the practical problems of minmg An 



Fig 273 — Savery’s Patent (1698) 

This was essentially like that of the Marquis of Worcester There is an arrangement 
to cool the steam space by imgauon so as to facihtate condensation 


account of Savery’s engme was published m the Philosophical Transactions 
of the Royal Society In his book on Boulton and Watt, Smiles tells us 

a draft of Savery’s engme having come under Newcomen’s notice, he 
proceeded to make a model of it, which he fixed m his garden, and soon found 
out its imperfections. He entered mto a correspondence on the subject with 
the learned and mgemous Dr Hooke, then Secretary to the Royal Society, a 
man of remaiicable ingenuity, and of great mechanical sagacity and insight 
Newcomen had beard or read of Papm’s proposed method of transmitting 
motive power to a distance by creating a vacuum under a piston m a cylinder, 
and transmitting the power through pipes to a second qjdmder near the mme. 
Dr Hooke dissuaded Newcomen from erecting a machtne on this principle, 
as a waste of time and labour, but he added the pr^nant suggestion, *^could 
he (meaning Papm) make a speedy vacuum imder your piston, your work 
were done ” ^very oreated his vaajom by the condensation of steam 
in a closed vessel, and F^sptn created his by exhausting the air m a cylinder 
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3ttscl 'tb. a pibtojis b 3 r Gis«ijQ.b cf an pnnip It rerrauieQ for I*^ewconien to 
comoixie the tT»c e\.pea*ents — to sec«jre a suiosD vaciujn bs the condensation 
ot steam 5 but^ ins<.ead of em^jiCying cics’^f ne made use of 

Papxn*s c^’Lnder £tted a pi^'ton 



The further step of connecting the piston to a fly-wheel did not come till 
seventy years had passed, Newcomen’s engme was used for pumpmg where 
water power was not accessible For other purposes it had httle to commend 
It An e ngine based on the von Guencke principle was an exceedingly costly 
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source of power, because of the rapacity with which it devoured fuel That 
this greed for fuel was due to a feulty pnnaple of design was not under- 
stood imtil new scientific knowledge was available Watt’s important contribu- 
tion was to eliminate the colossal wastage which resulted from cooling the 
cyhnder at each stroke of the piston Hammond tells us that “for one bushel 
of coal a Newcomen engme could raise on an average millio n pounds, 
at most 7 milhon pounds, to a height of 1 foot Watt’s early engmes for one 
bushel could raise 21 J miUion pounds, while his later ones could raise 26 J 
milli on pounds ” (JSee also pp o96-7 ) 


THERMOMETRY 

Although the steam turbme or aeoltptle described by Hero of Alexandria 
m the seco nd miHenninm B c was nearer to the modem economy of power 
production than the patents of Savery or Newcomen, it left no unpress on 
the search for new theoretical knowledge The first steam engmes were 
not with any recogmuon of the theoretical prmaples mvolvedm 

costmg the relation of fuel consumption to power production This, mdeed, 
was not a theoretical possibility at the time The ancient world had no 
impetus to study the measurement of heat production, and there could be no 
sheet of fuel and power till umts of measurement were settled 
Alexandrian mechamcs was for practical purposes the mechamcs of a slave 
civilization which lacked the social mcentive to explore and exploit sub- 
sumtes for unnecessary human effort It was not brought mto close contact 
with the practical problems of mining or with the new mechamcs of gases 
which developed durmg the penod when the problems of deep-shaft mimng, 
especially coal mining , were engaging the attention of scientific men 

The ininat impetus to the study of heat came from another source In 
pursuance of its Bacoman programme the “Invisible College,” like the 
academies which appeared simultaneously m France (p 285), Holland, and 
Italy, was seekmg new wa3rs and means of promotmg maritime supremacy 
Among Its first projects after the Charter was granted were systematic surveys 
of weather conditions and of variations m the earth’s magnetism Studies of 
this kmd and others undertaken by the contmental academies laid the founda- 
tions of scientific meteorology and terrestnal magnetism 

Castdh, a pupil of Galileo, had mvented a ram gauge m 1639 Hooke also 
made one and devised instruments for detectmg changes m the humidity 
of the atmosphere and for measurmg the strength and direction of the 
wind The barometer was now being used for the first tune to study varia- 
tions m the pressure of the atmosphere In Italy the Accademia undertook a 
comprehensive programme of observations of one kmd or another mvolvmg 
day-to-day records a£ changes m the weather Under Hooke’s name one of 
the earliest pubhcanons of the English Royal Society includes “the form 
of a scheme which at one view represents to the eye observations of the 
weather for a whole month ” Concerted weather records were m«id<« at Pans 
and Stockholm between 1649 and 1661 

The modem soence of power production starts from this basu Economical 
power production implies a method of measuring heat, and a technique for 
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measu r . n g heat ■was necessaij for Aeathei sur\e\s At the tune there were 
special reasons winch eacotiraged the stucv of v eamcr coadmous Although 
sailing ships are at least three thousand 3ea*.s oic ancien* navigation con- 
tinued to rely very largdy on slates at the oar The ixan-tport of nage cargoes 
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Fig 277 — HooKE’a ‘‘Form of a Scheme” for a Continuous Weather Record in 
AN Eari-y Publication of the Royal S€)ciETy 
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o\er vastly greater distances after the discovery of the New World made 
V md as a source of po\^ er supreme Itahan and British scientists, workmg m 
close association with the technological problems of navigation, began to 
stud> the direction of wnnds, the nature of storms, and the agencies which 
contribute to climatic differences 

In domg so they were helped by knowmg more about the nature of air 
than their predecessors had done The English word “climate” comes from 
the Greek KAt'/ia, which was the term used by Alexandrian geographers for 
what we now call latitude (or more precisely co-latitude, smee it was reckoned 
m degrees from the pole mstead of from the equator) The Mediterranean 
world did not associate differences of dimate with anything measurable 
except the sun’s altitude as it vanes accordmg to season and latitude The 
saence of antiquity had no mstniments for measurmg mtensity of heat or 
cold When the existence of matter m the third state was clearly estabhshed, 
the significance of many familiar weather phenomena assumed a new aspect, 
and new instruments hke the barometer were now available for research 

The first device which can be desenbed as a thermometer seems to have 
been made by Galileo It was a glass bulb about the size of a pmg-pong ball 
with a long stem which dipped mto water The bulb was heated to make the 
air expand till some was expelled from the tube On coolmg, of course the 
air contracted, makmg the water nse up the stem The warmth of the hand 
apphed to it was then suffiaent to make the water level fall owmg to expan- 
sion of the air m the bulb Although the stem was graduated m later models, 
the readmg obtamed was necessarily arbitrary It depended entirely on the 
capacity of the bulb, the mitial temperature at which the mstrument was 
cahbrated and the atmosphenc pressure A French physician and cheimst, 
Jean Rey (1632), unproved on Galileo’s mstrument and adapted the prmciple 
for detectmg fever, usmg water as the thermometnc substance Thermometers 
with a sealed stem were first made m Italy about fifty years later 

The fact that sohds or hqmds which have been strongly heated shrink 
when cooled had presumably been noticed by craftsmen and artificers from 
earhest times, but the expansion of bodies when subjected to warmth is not 
an obvious fact of everyday life The expansion exhibited by gases like air 
when exposed to shght changes of heat hardly detectable by direct sensation 
m an instrument, such as the thermometer, or perhaps we should say the 
thermoscope of Galileo, drew attention to the phenomenon, and at once sug- 
gested the means of studymg the problem of dimate from a new angle 
If air has weight, and if Ae same amount of it can occupy a much larger 
space when warmed, warm air is less dense than cold It will therefore nse; 
and if the warmth of the hand sufiices to produce a noticeable dbange in the 
density of air, how much more does the mtense heat of the sun^ varying as it 
does by day and night, winter and summer, or by proximity to the equator? 
Here, then, was a new instrument for studying how air is set m motion. 

The honour of taking the first steps towards a filxed standard for measure- 
ment of mtensity of heat is due to the Florentine Academy, which was also 
responsible for an important pracucal improvement of the thermometer. 
R^, as stated, used water as the flmd. For meteorological purposes water is 
totally unsmtable for two reasons The first is the obvious fact that a water 
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thermometer cannot be graduated .o record degrees of heat below the 
temperature at which snot^ melts E\en abo\e this it is onsuitable^ because 
of a very important peculiarity whicn makes water capable of sustaining 
aquatic life m the winter If water at the temperature of melting snow is 
heated it contracts up to a certam pom< correspondjtig to 4^ on the centigrade 



Fig 278 — ^The Expansion of Water 

The upper figure illustrates the freezing of a pond exposed to air below the freezing 
point of water As the water is cooled it sinks till the temperature of the bottom is 
4% at which water ts most dense Convection is then at a standstill The top layer freezes 
and owmg to its very low conductivity for heat there is little further change If water 
were most dense at 0® C the pond would freeze to a solid mass whenever the temper- 
ature r em ai n ed appreciably below 0® C The lower figure shows in a very exaggerated 
diagram the relative densities of water between 0® and 100® C At the latter the steam 
formed expands to 1,600 times the eqmvalent volume of water At the former the ice 
formed expands by nearly 10 per cent The actual values for the volume occupied by 
1 gram are given numerically 

scale, expanding thereafter That is to say, the maximum density of water is 
above its freezing pomt« So water does not sink to the bottom as it approaches 
the freezing pomt. If it did so, ponds and nvers would freeze m wmter and 
aquatic life would be extinguished Alcohol or spirits of wme, whidi was 
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used in the Florentine thermoinelers, has a nucii loAcr fre^zuig poiii£^ aikO 
expands continuously over the n^AcIe imge of* tcniperature at which watei 
exists m the ho uid Slate 

Cajon teUs us that the FluienUne Acadeir^ c»^ose a scale o*- heat intensity^ 
or as we now &av ‘‘terrperaruie,” based on tw-^o 

fixed points, the cold ol cMatei and the Leat of sunnier, dividing the mtei- 
\ening space into or equal spaces To determine more accurately the 
position of these poults, tney de/ired Ox^e b*i the temperatore of snow or 
ice in the severest frost, and the other to oe the temperature m the bodies 
of cows and deei The mclting-pomt of ice w as found by them to be mvariaDie^ 
and, in then medical scale, to be at 131^ In 1829 some of the Florentme thermo- 
meters were discovered among clc glasswaie, and Libn actually foimcl them 
to read 13^“ in meitmg ice The> had been used m Florence sixteen >ears m 
meteorological observations, and by reducing the average temperatme to one 
of the modem scales, and comparing with modem observauons, Libn thought 
he could draw the inference that the climate of Florence had remamed un- 
altered during the tw o hundred y eais The fixed pomts chosen by the Florentme 
Academy did not prove satisfactory and aU sorts of impiovements were sug- 
gested Dalence in 1C8& adopted (1) the tempeiature of air durmg freezmg 
and (2) that of meitmg butter The final adoption of the temperatures of meitmg 
ice and boiling water was not reached imtil the eighteenth century, though 
Huvghens had recommended the use of one or the other of these as early as 
1605 The Florentme thermometers became famous They were mtroduced 
mto England by Boyle They reached France by way*of Poland An envoy of 
the Queen of Poland was presented m 1667 by the Grand Duke with thermo- 
meters and other mstruments Her secretary forwarded one of the thermometers 
to the astronomer Ismael Boulliau m Pans, and stated that “the Grand Duke 
always carries one m his pocket ” The thermometer was about one decimetre 
long and contamed alcohol Boulliau himself constructed m 1669 a thermometer 
m which mercury was used for the first time (so far as knowm) as a thermo- 
metne substance Recently a record of temperature observations by Boulhau, 
extending from May 1668 to September 1660, has been found Next to the 
Florentme record, begun m 1666, it is the oldest m existence. 

For most saentific purposes the scale of temperature now used is the 
centigrade scale, m which one degree is defined as the mtensity of heat 
required to increase the length of a column of mercury by one-hundredth part 
of the difference between its length at the meltmg-pomt of ice and its length 
at the boihng-pomt of water at the mean sea-level atmospheric pressure 
(760 mm, on the mercury barometer) On the cenugrade scale ice melts at 0% 
and at 700 mm pressure water boils at 100®. On the "absolute” scale, often 
used m connexion with the study of gases and solutions, the corresponding 
temperatures are 273® and 373®. The centigrade scale w^s introduced in 1742 
by Celsius thirty years after the Fahrenheit scale, m which water fteezes at 
32® and boils at 212® The latter is still used m England for clmical purposes 
and weather records. Smee there are 180® F between the freezing and boilmg 
pomt of w^ter corresponding to 100® C. the rule for convertmg temperature 
from centigrade to Fahrenheit is F =« 4- 32. A third scale on which 

water freezes at 0® and boils at 80® was introduced by Reaumur, a Dane It 
IS little used today. One practical dewelopinent of thermometry before the 
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most tudei«tcod are *ue arec-xor o'mc'zunq 23 d evening oreeres 
m propinquity to tiie sea the prcdonurm^ ^cr ran drxf of iha Cvean Trade 
Winds on Cithei sice cf t^^-a equator Ths pre\^"-mg uarectior of coastal 
breezes during the mommg and earl^ afternoon ac k -d v ird pna the pre- 
vailing direction of breezes after sunset is seav^arc Tne r leaning this was 

at once evident vhen continuous Lemp.^ramre rccxirds of land and the sea 
ad;acent to it iverc kept The tempera* urc of the sea is far moie constant 
than that of the land By da\ it does not rise to the same temperature as the 
land V'hen there is full sanshme, and by mght it does not fall to as low' a tem- 
perature as the land after the sim sets As the temperatuie of the land mcreases 
m the mormng above that of the sea, warmer air rises because it is less dense, 
and Its place is filled by colder air drawn inwards from the sea After sunset 
the converse is true 

In the tropical and sub-tropical s^as the predominant direction of air cur- 
rents near the surface is from the poles towards the equator where the air is 
hottest, and therefore rises upwards This mapr movement is compheated 
by the fact that the rotational displacement of land from west to east at the 
equator is vastly greater than it is near the poles (Fig 280) If you consider a 
column of air drawn m from, let us say, the latitude of Iceland and dissect its 
movement by the prmciple of mertia, you will see that it starts with a move- 
ment southwards due to the suction of nsmg air at the equator and a move- 
ment eastwards at the same speed of rotation as the land As it travels south 
the earth beneath it is moving more swiftly eastwards To see what happens 
imagme two railway t3rams travellmg m the same direction at different speeds 
To an observer m the quicker one the slower one will seem to be moving m 
the opposite direction So if both are movmg towards the east, the slower 
one will seem to a person in the quicker one to be movmg towards the west, 
1 e to be coming £tom the east Hence the mam dnft of winds m the neigh- 
bourhood of the equator is from the north-east on the north side and from the 
south-east on the south side* Thus the direction of the Trade Wmds which 
prevail m tropical seas, as first pomted out by Halley, a contemporary of 
Newtoo, remforoed the behef m the earth’s diurnal motion about its axis 
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The basic fact on which the ventilation of the earth’s surface, like the venti- 
lation of a room, depends is that \varm air is lighter than cold air Bodies 
expand when heated Hence their densities depend on temperature Bodies 
which are not rigid, 1 e liquids and gases, are therefore subject to mtemal 
movement or convection which promotes contmuous mixing and circulation 
of heat (Fig 279) The direction of the air currents on the earth’s surface is 
modified by tsvo relam ely constant agencies, the earth’s rotational motion 



Fig 279 — Convection — The Principle of a Central Heating System 
The method of heat transmission in gases and liquids depends on the fact that they 
expand when heated, hence the warmer portions, bema less dense, nse while the cooler, 
bemg more dense, sink 


and the distribution of land and water The efiect of the latter is due to the 
fact that water mamtams a more constant temperature than land It does not 
heat up or cool so rapidly This leads to both daily and seasonal changes in 
the direction of wmd owmg to the unequal heatmg of land and water by day 
and night or m summer and m winter. In addition to the separate inflnp^nri* of 
these relatively stable factors various consequences arise fiom their mter- 
acuon Two comphcations arise ficom the evaporation of w^ter Evaporation 
results m the formation of clouds which affect the dxstnbution of sunshine, 
and of ram which affects the temperature of the land on which it falls The 
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distxibutioii of both ciouds and ram is affected by atmospheric electrification 
and by the prevailing air cmrents resuitmg from agencies already mentioned 
Air currents^ whicn predomma^'e where there are large uninterrupted 
stretches of land or water^ are sab;ect to consideiaoie fluctuations m islands 
like Britain where land is m ciose pro'^omiu to neater To all these temporary 
sources of fluctuation we naie to cad the local one which arises firom the 
expansion of water Ttus results m ocean Ci-rrents analogous to the winds 
These also modify the reian^ e distrioution of neat and cola on land and water 


"2C 



Fig 280 

Trade Winds — due to influence of the earth’s diurnal motion on the direction ot 
polar-equatorial convection current 


WETNBSS 

Scientific knowledge of climate could not progress until the characteristics 
of matter in the gaseous state began to be studied The basic experimental 
fact on which wetness depends is that the hquid state of matter never exists 
by itself It IS alwa3rs accompanied by the gaseous or vapour state^ and the 
relative amount of the latter depends on the temperature 

This can be illustrated m a general way by the everyday expraence of 
evaporation at temperatures far below the boihng pomt, and by the fact 
that when air h as been in contact with water (i e. unless it has been dried by 
passing over a dehydrating agent like calcium chloride, sulphuric acid or 
phosphorus pentoxide) it alwa3?s deposits moisture on the sides of a vessel 
when cooled sufficiently* This happens, for instance, when warm air comes in 
contact with cold substances which like metals conduct or absorb heat very 
efiSoently The exact amount of water vapour which a given volume of air 
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an hold at a gn en temperature can be measured by bubblmg dry arr through 
kSter at different temperatures If a Imown \olume of this a'r is first weighed, 
hen thoroughlv dried by passing it over a substance like sulphuric acid, 
nd weighed a second time, the loss of vtsight shows how much water vapour 
t contamed 

It 15 not neccssarj to go through this pcrfoimance every time we wish to 
mow the water vapour content of the atmosphere Once we have tabulated 
he quantity of water vapour which a given volume of air will hold at any 
emperature, we have only to cool our sample to the tempeiature called its 
‘de!s pinnt” i e the tempeiature at which it just ceases to hold all the water 
rapour It contams and deposits some of it on the ®ides of the vessel If we 
want to know the hunudity of room air, this is usually done by addmg ice to 
water in a vessel made of aluminium till the bright metal surface of the out- 
side is dimmed by deposit of moisture The temperature of the water at this 
p o i n t IS taken Smee our tables tell us how much water vapour a given 
quantity of air will just hold at a given temperature, they tell us how much 
water vapour is contamed m a sample of air at the dew pomt Smee the dew 
point IS the temperature at which a sample of air just ceases to hold aU its 
water vapour, the water vapour content of the sample is simply the figure 
corresponding to the dew pomt, as given m the tables 

The amount of water vapour which a given quantity of air will hold m- 
creases contmuously as the temperature is raised This is why the sun dispels 
a mommg nust by convertmg the hqmd droplets of water into vapour Smee 
water vapour has weight and therefore exerts pressure, we should expect 
that the pressure of water vapour m equihbnum wnth ordmary water m a 
closed space would also mcrease contmuously as the temperature rises This 
IS easily proved by mtroducmg a drop of water mto the stem of an ordmary 
barometer The drop rises to Jhe top of the mercury and there evaporates 
If more water is added we reach a pomt where fu^er addition does not 
result in further evaporation Meanwhile the column of mercury has fallen 
somewhat. At the pomt where more water added does not vaporize, the fall 
of pressure represents the pressure of water vapour when the closed space 
of the barometer can hold no more. If the barometer tube is surrounded by a 
jacket containing water whose temperature can be varied, it is found i-liat the 
saturation pressure of water vapour measured m this way is greater when the 
temperature is greater 

At the boilmg pomt the saturation pressure, or as it is more often called 
the vapour pressurot of a hqmd ts the same as the pressure of the atmosphere 
The vapour pressure of a flmd at a fixed temperature is constant, and smee 
it mcreases as the temperature rises, the H niling pomt of a flmd is mr r easrd 
if the atmosphenc pressure is increased and decreased if the atmospheric 
pressure decreases. At the top of a mountam the atmosphenc pressure is less 
chan at sea-level So on a mountain-top water boils at a lower tempeiature 
than at sea-level * At tih® peak of Mont Blanc it bods at 85” C instead of at 

* Papm, a. of tlie Marquis of Worcester mad mvenuw of a steam 

ngme of the Newootoeowj!*;, ittwaited a “digester” for ipcreasmg the extexnal 
ressure, sui^te amotag eahet tMHM fcr ooofcfaig aomtdlQg to die rules, of 

ae art on a xugn mcnynlaiina 
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100® We can therefore determine the height of a mountain without usmg 
surveymg mstrumentc^ or a baromeier as explamed on p 381 All we have 
to do IS to find the boiling pomt of Viatei at the summit Tables of \apour 
pressure piepared by the method of Fig 2&1 tell us the pressure of water 
vapour at the temperature recorded This j.s the same as the atmospheric 
pressure From it the height can be calculated, or read off from tables of the 
variation of barometer rcadmgs viitli a*rmde 

Generally speakings v^atei vapour condenses to form vater \^hen the 



Fig 281 

Hot-water jacket, etc , for finding variation of vapour pressure with temperature 


temperature of the air is cooled to the dew point This, of course, occurs 
mghtly m hot weather when there is abimdant evaporation m the da3mme 
and a relatively big fall of temperature at mght In contrast to this fairly 
regular deposition of moisture as dew, the more capncious phenomenon of 
ram tlepends on circumstances which are not purely local Incommg currents 
of air come ficom regions where the atmosphere is m contact with a large 
surfiace of water, and is fully saturated at the temperature of the place where 
It originates. The circumstances which control their movements are immensely 
oompleat, and long-range forecasts of ram depend chiefly on the study of 
how the pressure of the atmosphere is changing over a wide area (see 
p. 5725. 
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Immediate prospect of ram at any place is also disclosed by the lelatwe 
humidity of the atmosphere This is measured by the ratio 

Actual Water- Vapour Content of the Atmosphere 

'^"ater- Vapour Content of Saturated Air at the Same Temperature 


If the dew pomt has been detenmned this can be extracted ficom tables of 



Fig 282 — ^Relation of Solubility to the Pressure of a Gas 

The figi^e shows how to find the effect of pressure on the solubihty of gases If we 
w^h to know how the solubihty of nitrogen or oxygen in water vanes with the pressure 
or the amosphere, a measured volume of water for analysis of dissolved gases is 
^^orously shaken with air at vanous pressures from a high vacuum to 1 atmosphere 
Whw the mp of the ^ pirap is closed the manometer level is noted When it remains 
nxea at a height p mer shakmg for some tune, the gases dissolved m measured 
quantity are m equihbnum with the gaseous contents of the space If the atmosphenc 
pressureisP,the ^ pressure m the space is P — p This is partly made uo of Vi.the 
^pour pressure of water at the temperature t of the shaker Hence the true pressure of 
dry air m equihbnum with the gases dissolved m the water is 

P^p^Vi 

pr^ure of the solvent may give rise to large errors when the 
^ pressure is low. At 20® C. (temperature of a warm room) 
pressure oivz&txx ^17 4 x nm . If the atmosphenc pressure were 760 
20 ^ 1 ^ were J^mm , the total ptessmem the shaker would be 

^ ^ manometer reading would 

signifythatthcparuaapre8suieofdryairwa8 20--- 4 6 « 16 4 mm, 
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the known water content of saturated air at diSerent temperatures The 
tables tell us what is the 

>S7ater- Vapour Content of Sa turatea AiT at the Dew Point 
^7atei-Vapour Content o£ Saturated An at tne Actual Temperature 

A crude estimai.e of the relative humidity of the atmosphere ran be obtained 
with a simple device called the wet and dry bulb thermometer This depends 
on a most important physical piincipi.e wiuch bears on the diSerence between 
tne Newcomen engme and that of Watt The fact that water becomes cooler 



Fig 283 — ^Wet and Dry Buub Thermometers 

as It evaporates is a common e^erience of everyday life apphed in a vanety 
of wajrs Thus wrater is sometimes kept m porous earthenware to encourage 
evaporation over a large sur&ce, and the sprinkling of water cools a dry 
room even if the temperature of the water is the same as that of the dry air 
Out bodies protect themselves from heat, and maintain a constant temperature 
when the surroundings are above blood heat, by the secretion of sweat The 
electnc fan produces the sensation of cold by blowmg away saturated layers 
of air from the moist skm, although it sh^tly mcreases the heat of the air 
by fiicuon and sparking. For the same reason, the actual temperature of 
su mm er weather is less important than humidity as an mdication of bearable 
heat The wet and dry bulb thermometer is simply a pair of ordinary ther- 
mometers, the bulb of one of which (Fig 283) is oidosed m fabric dippmg 
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into a vessel of water If the atmosphere is very dr37 rapid evaporation occi 2 r& 
on the surface of the wet bulb It is therefore cooled Consequertl} in 
registers a lower temperature than the dry bulb A large aasciepanc/ between 
the two readings therefore mdicates that the anmosphe'-e reLtn/sly Jiy^ jnd 
that there is no immediate prospect of ram Any such msiriiiueni can oc 
empirically cahbrated for fhture use to determine iclati^'e iixru'bty by 
preparing tables showmg relative Jaumidity fci different ^.eadmgs of niie 'n/Cw, 
bulb when the dry bulb registers a partiCLJar tcmperatt^re 


WARMTH 

Vanauons m temperature depend piimarily on lautuciej ana 

propmquity to vater^ modified by more capricious factors 
on the direction of the wmd The lelation of latitude lo warniui depend^? on 
the fact that heat, like hght (see p 174, Chapter lil)^ can he transnnd:cd 
through a vacuum The radiatmg souice is of coorce the aoa ezperi- 
ment shows that the intensity of radiation from any fixed source depends on 
the area radiated A slanting elliptical section rut through a cylifidiLiCai 
beam of sunshine occupies more surface than a circular section cut otraighi: 
across at right angles to its direction Hence (Fig ?S4) the area radiated by 
a sunshme cylinder of the same dimensions increases north and soutJa of the 
parallel of latitude where the sun lies directly overhead So the same source 
of heat has to warm a larger area This accounts for the broad generahzauon 
that It IS hotter withm the tropical belts than it is north or south of them 

In addition, the eflfect of a radiatmg source depends on tJie time of exposure 
The relative lengths of day and mght vary (p 196) with season and lautude^ 
and the relation of latitude to climate, therefore, mvolves the number of houis 
of sunshme Near the equator days and mghts are nearly always of equal 
length, and there is no sharp difference between wmter and sutmiier Nearer 
the poles the wmter days are much shorter and the summer days are much 
longer So the seasonal disparity of temperature mcreases with mcrease of 
latitude as we travel away from the equator. 

The effect of altitude and of propmqmty to water (or what comes to the 
same thing — ^nchness of vegetation) depend on the same pecuharity of heat 
transmission This was not understood till the thermometer was introduced 
The Italian meteorologists of the seventeenth century showed that equal 
quantities of different flmds at the same temperature do not melt tlie same 
quantity of ice That is to say, at the same temperature equal quantities of 
different substances have different powers of impartmg heat to others at a 
lower temperature Some have a high capacity, le a smaller quantity at 
the same temperature, or the same quanuty at a lower temperature suffices 
to produce the same heatmg effect Such bodies, if heated from one and the 
same source, gain in temperature more slowly Water has an excepuonally 
high capaaty, and therefore takes long to warm up or cool down to a given 
temperature Two results follow &om this fac^ ^ne is that during the day 
m summer the temperature of the sea is lower that of land at sea-level 
The other is that m general the temperature of land at sea-level is subject 
to much greater diurnal vanattons of temperature than that of the sea 



cf I''’vent'>ans 571 





Fio *^ Slc — ^Region^ Radiation 

Belowj ti'c bmnin^ lens shows that the heating eflfect of converging beams is due to 
Its great smface iDt^»>^*»y Above, the surface mtensity due to a cylindrical shaft of 
the same dimensions near the poles is less than it is at the equator 

because of sparking and fricuon Again, some bodies “feel cold^’ when we 
touch them A fenici seems to be colder than a rug at exactly the same 
temperature, provided both are below the temperature of the hand If both 
arc above the temperature of the hand the fender is judged to be hotter 
when the thermometer readmg is the same for fender and rug This is 
because bodies diflfcr in their power to transmit heat 
The transxmssion of heat by radiation can occur through a vacuum 
Transmission of heat by “convection’^ can only occur within the substance 
of a gas or of a liquid, Sohds transmit heat without free circulation Such 
transmission is called conduction Metals are good conductors, and that is 
why they feel cold, Ckunmon liquids conduct heat very little if the free arcu- 
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lation of parts, i e the cieation of convection currents, is prevented by 
heating them jErom above instead of from below For mstance, if you tie a lead 
weight to a piece of ice, sink it m a tube of water and apply a flame to the 
upper end of the column of fluid, the latter can be made to boil for quite a 
long while before the ice begins to melt noticeably So if ice were heavier 
than water it would tend to accumulate from wmter to winter at the bottom 
of ponds Air is an especially bad conductor On that account substances 
which trap air, hke feathers, wool, and fur, protect agamst loss of heat 

MODERN WEATHER RECORDING 

Durmg the latter half of the mneteenth century weather recording was 
revolutionized by the mtroduction of oceanic telegraphy The British 
Meteorological Office was foimded m 1854 shortly before Tiansatlantic com- 
mumcation was first estabhshed Under Admiral Fitzroy it instituted daily 
telegraphic records from 1860 Wireless telegraphy has smee speeded up and 
vastly mcreased the range of observation It is now possible to map out 
temperature and pressure gradients simultaneously and at short mtervals 
over large areas Places with the same temperature are connected by Imes 
called isotherms^ and stations with the same (sea level) pressure are connected 
by hnes called isobars on maps produced after the lapse of a few hours Hence 
It is possible to see the direction in which more or less stable zones or regions 
of high and low temperature or high and low pressure are moving Falhng 
temperature and falling pressure mdicated by movement of the isotherms and 
isobars forecast ram or cloudy weather If the isotherms and isobars drawn 
on the weather map correspond to equally spaced mtervals of temperature 
and pressure, crowdmg of the hues mdicates a steep gradient which can be 
taken m at a glance A steep gradient mdicates strong wmds A gentle gradient 
forecasts calm weather 

In makmg forecasts of the immediate future speaal attention is paid to the 
movements of closed regions of high or low pressure surrounded by a steep 
pressiure gradient Low pressure systems of this kmd are called cyclones. 
They are assoaated with counter-clockwise air currents m the northern hemi- 
sphere. Closed high pressure regions called anticyclones are associated with 
dockwise air currents m the northern hemisphere The reverse is true of the 
southern hemisphere, because the direction of the currents like that of the 
Trade wmds depends on the earth’s axial motion. The approach of a cyclone 
as shown by successive weather charts is a signal of storms or heavy ram. 

CREATING CLIMATE 

Town folk who live m a commumty where the weather is pecuharly 
erratic, as it is m Bntam or m Alassachusetts, may be tempted to underrate 
the value of meteorological science as a gmde to soaal conduct So before 
proceeding to deal with the measurement of heat changes m greater detail, 
we may pause to notice that the empirical principles which origu^y emeiged 
from studying the weather have given us many useful reapes for creating 
our own clumte. The same principle of convectum which underhes the 
circulation of air and ocean currents is apphed to the ventilation of mines 
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and buildings or to the design of central heating and hot water systems 
(Figs 279 and 285) 

The two facts which we have learned about evaporation are the basis of 
refrigerations which has revolutionized the trade m fruit, meat, fish, and 
other perishable commodities m our time A iiqmd boils when its vapour 
pressure is equivalent to that of the surroundmg atmosphere, and can there- 
fore be made to boil by reducmg Jie estemal pressure till it is equivalent 



Fig 286 

Simple plan of hot-water system showing how the ascent of hot water to the bath 
and the descent of cold water from the roof cistern to the boiler m the basement is 
regulated by ‘‘convection” currents 

to Its own vapour pressure. Since rapid evaporation is accompamed by the 
withdrawal of heat from the surroimdmgs, mtense cold can be produced 
by the rapid vaporization of a hquid under reduced pressure In a typical 
refrigerator machine (Fig 286) a smgle pump alternately sucks out of one 
coil and compresses in a second some readily hquefiable gas like ammonia 
In the high-pressure coil the gas hquefies at the upstroke, and the fluid 
circulates mto the second coil which is coimected with it directly At the 
downstroke the hqmd evaporates in the low-pressure coil The latter is m 
direct coxmexion with the refngeratmg chamber The high-pressure coil is 
outside so that the heat given out when the is compressed is earned off« 
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A further constructive apphcation of the phenomena Lj’Vo j,aci deaii 
with IS the thermos flask which ^vas mvented by Sir James a-i m con- 
nexion with experiments on the hqoefaction air 1 he liGncf^ction of 
raises a special problem Up to a ceiimn point can ifiisc die bodm^-pcini 
of water by mcreasmg the external pressure TI^ e vjpoui pres«'’’ h e of i^er 
increases rapidly after 100° It is neaily 200 ruirosphcies c.d JCr® 
this It IS so enormous that no further increase dt ij^^^ssure rdo, the 



Fig 286 — ^Diagrammatic Plan of a Refriglrating AIachinc 

The putQp m the middle sucks ammonia gas from the low-pressure coil through the 
inlet valve rdrawn like a tyre valve) at tlic downstrokc, and sends it tliiough tlic outlet 
valve into the high-pressure coil at the upstroke The connecting (high-prcssuie) valve 
does not penmt ammonia to pass into fee low-pressure coil till the picssure is high 
enough to hquefy itj while cold water circulates round it to absorb the heat liberated 
Intense cold is developed in the tank round the low-piessure coih where the ammonia 
rapidly vaporizes under reduced pressure The tank contains a salt solution (e g calaum 
chlonde) which freezes at a temperature weD below tliar of melting ice This cooled 
solution circulates m the storage chamber 


boilmg-point Hence it will boil at 366° C whatever pressure is applied to 
It Conversely^ steam cannot be condensed mto water by mere application 
of pressure unless it is first cooled below 366° C This is called the mttcal 
temperatwre of water vapour The cntical temperature of air is about 160° 
below the freezmg pomt of water (i e about — 160° C )• That is to say, no 
apphcation of pressure will hquefy air unless its temperature is brou^t to 
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'’e%ei oo ZL* ucuJi cl aepends on keeping it at an c\ceedmgly low 
teinpexcitiu.e 

Tke tberjziOw. Qslsit^ as yoa prcbsfaiy !mov> if you iiave broken one, is 
esse-it*aily a "iJ? cov^ble V 7 all<: SiLVCiCd on tiieir opposite faces The 

jntercpac^ is enliz’'’s;iec^ so Jnat no bcot transmitted across by convec- 
^on or conai'cticn Si-uce radiart neat^ iii<e L^ht is re Electee? by a silvered 
‘^nface^ heat nans-'"-* tec £rctn one Viail to the other xs reflected 

bear, tnm no passes from one wall to ihe other except 

acro^ss Jxe nunctLOQ a" the neck 


i^othcr em ^ Incb V/CS sttidiad oefora the mcasuren'^ent 

oJ beat 7/ as on a £ausfa< lor^ basis aas amneroi^s applications m engin- 
ee*ing^ and has become e<5peuaiiy important smee tlic introduction of heat 
as r bonree of power /s most of us itnow, the eagme of a motor Dic>cle 
sc 2es vrnen it gels ©▼^eikca^fd A important consideration m designing 
rmj mechanism subjected to large changes of .emperature is Jiat the parts 
ixitisi expand as hnle c£ pocbible, and to tbe same extent OmerA ise warpmg, 
fiicdon, etc , mterfere with its working, or tcad to rupture through mtemal 
strains The same difficulty also ^ii^es m the design of all measunng instru- 
ments of which the length of the parts must bt as nearly constant as possible, 
e g the length of’ the pcndulunx of a clock, and m tl^e construction of pipes 
to convey hot water, of railway hnes, and of steel framework of bndges 

In a book called 7 he Philosophy of Manufactuiess published by Dr Alex- 
andei Ure m 1835^ we get a vivid picture of the new demands which the 
mtioduction of steam power as the basis of factory production made on the 
physical science of the penod We also see why the leadmg industrialists 
were enthusiastic m promotmg a type of education different from what 
the older seats of learning m England provided at the time Ure says 

The umversity man, pre-occupied with theoretical formulae, of little prac- 
tical bearing, is too apt to undervalue the science of the factory, though, with 
candour and patience, he would find it replete with useful applications of 
the most beautiful dynamical and statical problems In physics, too, he would 
there see many theorems bearing golden frmt, which had been long barren m 
college ground The phenomena of heat, m particular, are investigated m their 
multifarious relations to matter, solid, liquid, and aeriform The measure of 
temperature on every scale is familiar to the manufacturer, as well as the dis- 
tribution of caloric, and its habitudes with different bodies The production 
of vapours, the relation of their elastic force to their temperature, the modes 
of usmg them as mstniments of power, and sources of heat, their most effective 
condensation, their hygrometnc agency; may all be better studied m a week’s 
residence m Lancashire, than m a session of any umversity m Europe And as 
to exact mechanical scietice, no school can compete with a modem cotton-null 
When a certam elevation of temperature is made to give pliancy to the fibres 
of cotton or wool, the philosophical spmner sees the influence of calonc m 
imi^rting ductihty and elastiaty to bodies The thermometer to mdicate the 
temperature, and the hygrometer the humidity of the air, give him an m sig j i t 
mto the constitution of nature unknown to the bulk of mankind Of the different 
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dilatations of different solids by increments of temperature^ he has daily 
experience m the elongation of the immense systems of steam-pipes which heat 
his mill apartments, often extending 300 feet m a straight Ime On this scale, 
the amount of the expansion, and contraction, needs no micrometer to 
measure it, for it is visible to the eye, and may be determmed by a carpenter’s 
rule 

One of the most flouris hing mdustries at the time of the Enghsh Industrial 
Revolution of the eighteenth century played an important part m the demand 



Fig 287 — Compensating for Expansion in Clocks 

The reliabihty of clocks of sny kind would be affected by seasonal temperature changes 
if no allowance were made K>r the heat expansion of metals* The mercury compen- 
sated pendulum (a) depends on the fact mat the effective length of a pendulum is 
approximately horn the pomt of suspension to the mass centre of the wei^t If the 
latter is a small vessel of mercury, expansion of the latter shifo the mass centre upwards, 
while that of the rod shifts it downwards By usmg a vessel and quantity of mercury of 
suitable dimensions the two effects cancel In the gnd iron pendulum (W the gnd is 
made of rods of different metals, the one represented as black havmg a higher coef&- 
ctent of expansion than the other, which is shaded The gnd arrangement is such as 
to make the expansion of the former lift the weight upwards, while that of the latter 
lowers it If the dimensions are suitably adjusted the net result i$ that the length does 
not change The balance wheel of a hair spnng watch regulator (c) is also made of 
concentnc stnps of metals with different coefScients of expansion* The outer one 
espands most, mcreasing the curvature of the nm, and thus compensating for the 
expansion of the spring* 
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foi scei-UTc besides maKing many experiments m 

cLenz-Su-y £?ac sn acti.^L jateresc m geology m the search for 

c?c c " d"e Ct‘'*2zx.L the gieat master Potter, Josiah 

ooQ, ^ ---.seif -o ^hamiometers suitable to with- 

sti^l . r ^c-2 ^,ia^ 3 mei s T^-ie -mnaedxate need hich prompted 

Lnese iCoa^n ^ v ^hc deL^ir-unouCii of the cegree of baiting required for 
dif.Ci:ar-L t-::s ef are oni' cninc proa*.*CLS H.iS paper on “The 

P^rome^-*-' o- '^leasiiL^tg I istra-nent^®’ pabhsiied m the Phtlosophtcal 

T Pc 7? Scc&ej^ earned him his election as a Fellow, and 

V C.S fciio >» ad 3 ^ se-iai of c'^nimurucations on the same general theme 
v^-lO'uS Oxia -g-Hie-as ae ac^rised lo guard against displacements and 
d''Sjri.ons aj-i-^mg fio^ In anj case tne important thmg is to 

m a&anC'w h^ r' murii enpans^on can occui As already explamed, the 
par vor o"' gases is inea‘'jij^ec b> ineLL change m volume A gas expands 



Fig 288 

One t>T3c oi L \p*ahs^on Joint ubcd foi hot water pipes has the gap between the joined 
cnas scirioimdcd by a double coiiai separated by two rubber rings (hlack) which make 
the junction 7/atcrtight, while allowing the two collars to shde freely lengthwise when 
made to expand by heat 

by about “73^ of its volume at 0^ C when its temperature is raised 1® C So 
the gas contamed m a cvhnder of uniform bore will be mcreased by the same 
amount, le approvimaccly 4 m 1,000 per degree if its initial volume is 
measured at 0° C This figure 3^^, or approximately 0 004, is called its 
coefhaent of expansion The expansion of hquids is measured m the same 
way Thus alcohol expands by about 0 0009 and mercury 0 0002 of its 
volume at O'" C per degree. So an air thermometer of the same dimensions 
IS about 20 times as sensitive as a mercury one The expansion of sohds is 
usually measured m units of length The coeflScient of expansion of zme 
IS 0 00003 That is to say, the length of a bar of zme mcreases by 0 00003 of 
its length at 0® C for an mcrease of one degree Centigrade This is a very 
high value for a sohd 1 he coeflSaent of expansion for glass is only 0 000008 
For platinum it is 0 000009, for cast iron 0 00001, and for brass 0 00002 
Smee brass expands twice as much as iron, it is obvious that a brass piston 
encased m an iron cylmder would soon seize if heated 

Of the various devices to meet problems of this kmd some innovations 
have arisen out of studying the properties of alloys The most important 
discovery has been the iron alloy called which contains 36 per 

cent nickel Invar has a coeffiaent of expansion less than 0 0000001, 1 e an 

T 
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increase of ten degrees only increases tlie lengtc a bar by one millionth 
of Its length at 0° C So for most practical purpose*! its length is mvaiiable, 
and Its use will supersede some of tne mgeaious arraneements v hich have 
been mvented to safeguaid against the efifectr, of e^panSlOn Needless to 
say, the choice of any standard of length for scientific or commercial pur- 
poses imphes a specification of iht, lemperamre Thus tne international 
standard metre is the distance between two lines ruled on a bar of platmum 
indium alloy at 0° C The b,u: is deposited m the national aichives at Sevres, 
so that the fundaments i umt of distance ca’™ be determmed at any tune 

NOTEWORTHY lEMPEKAlURES 

A few example vnll illustrate tne range of tunperature encounrned in 
everyday experience. The mean temperature of the North Pole m January is 
about — 41° C The temperature of the flame of an ordinary spint lamp or 
Bunsen burner hes between 1,700° and 1,900° C Tnt flame of the oxyacetylene 
burner often mentioned m enme ficuon as part of the cracksman’s outfit is 
3,000° C. Bodies begm to become just visibly led hot at 62b° C The tem- 
perature of white heat is between 1,300° and l,40<r C The normal tem- 
perature of the human body is approximately 37“ C or 98 4° F That of a fowl 
IS approximately 42° C Among boilmg pomis, that of ammonia is — 33 5° 
C. (i.e it would liquefy m the polar wmter), that of ether is 34 0° C (i e it 
wiU boil m a room kept at blood heat), that of ethyl alcohol is 78° C , of 
turpentme 159° C , and of mercury 367° C. Ethyl alcohol freezes at — 1 14° C , 
and mercury at — 38 9° C , hence an alcohol thermometer is more smtable 
for polar exploration than a mercury one Tm melts at 232° C oefore it 
is red hot, and mdeed litde above the boiling pomt of turpentme Copper 
melts at 1,083° C , i e. before it is white hot Iron melts at 1,530° C., and 
can just be made white hot without melting. Tungsten melts at .3,400° C , 
above the temperature of the oxyacetylene flame, and just below the temper- 
atute 3,500° C. of the crater of the carbon pencils m the electric arc lamp 
It IS therefore very smtable for making lamp filaments Good butter melts 
at about 30° C , bdow blood heat, and para^ wax between 40° and 60° C 
according to the quahty, i e just above blood heat. 

For ordinary thermometers m which the hqmd is mercury or alcohol 
(usually coloured to make it more visible) the range is between — 1 14° C , 
the freezmg pomt of alcohol, and -f- 357° C , the boilmg pomt of mercury. 
The range of an air thermometer is much greater, smee air contmues to 
expand umfoimly through about 1,000° A hydrogen thermometer is 
rehable over a wider range because of its low fireezu^ pomt. Hydrogen 
cannot liquefy imtil it is cooled to — 234 5° C , and expands with compar- 
ative uniformity up to H- 1,100° C. To register temperature beyond these 
lumts as, eg, the temperature of the electnc furnace, the property of 
expansion is useless, and the observed effects of heat on other physical 
properties of matter, e.g. electneal resistance, are used. 

THE IMPORTANCE OF GXASSWARS 

Readers of detective fiction will be familiar with the threefald farmula 
by which crimes are run to earth. In saenoe the means, the opportunity. 
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and the motive mteraependent and equally necessary for substantial 
progress At diflereni places m this bool^ a writer with access to different 
macenals might v*ell have chosen to d'^ell upon a different aspect of the 
complex* social btiuccure m wh«ch scient^^ic enquiry is mvclvcd The course 
most commonly accepted is to emphasize Jis opportuniiies created by wealthy 
patrons of l^atned aas demies. In the earker part of this book more attention 
has been paid to tne rpotive^ that is to say, to new social needs which 
suggest new pioblems fci enqmiy Here and there the pait played by im- 
provements m glass manufacture ha/e oeen mentioned as new means of 
discovery m opucs, astronomy, and medicme 

Common threads of oppoitumj>, of means, and or motive, tun through 
optics, chemistry, hydrostaac^^ and heat measiuement, m the last decades 
of the sixteenth century and in ene first half cf tne seventeenth century, 
when the centre of inteilectUc*! gia^ ity was ahiftinj fi.om Italy to Biitam, 
Holland, and France The academies which began in Italy have been 
mentioned m several contexts The soaal mom^e supplied by the needs of 
navigation has been abundantly illustrated, and m this chapter special 
attention has been paid to the stimulus which the early study of heat 
received from meteorology durmg a peiiod when scientific mterest m 
navigation was actively encouraged by the State Another feature of the 
common bad:ground of chemistiy, optics, hydrostatics, and thermometry, 
illustrates the comadcnce of the motive with the means and with the 
opportunity Medicme became a socially organized profession in the early 
sixteenth century (see p 781)) As such it provided new opportumties of mstruc- 
tion and research mto problems which were not themselves new Other 
soaal circumstances created the means for solvmg them Two new devices 
which mvested medical research with new powers were the outcome of a new 
level m glass technology This fact may throw some hght on the saentific 
pre-emmence of Italy between 1550 and 1650 

Glass is an mvention of great antiquity So it is easy to forget three things 
about the place of glass m the history of science Ancient glass was made 
for ornament As such it was valued less for its transparency than for its 
tint In antiquity it was always a costly luxury. Thus the quahties which 
we admire m Roman glassware are precisely the quahties which make it 
useless for saentific instruments to record flmd level with accuracy, or to 
examme changes of colour or consistency That Vemce was the Mecca of 
the European glass manufacturers m the sixteenth century is not irrelevant 
to the fact that Italy took the lead m the mvention of the barometer and of 
the thermometer Venetian glass manufacture goes back to Roman times, and 
the miual impetus to its revival m the thirteenth century was the expandmg 
prosperity of the Venetian mercantile dasses By the end of the fifteenth 
century glass had assumed a new use The avihzation of northern Europe 
was progressmg apace Prosperity m the Mediterranean could dispense with 
glass windovra, as it had dispensed with wheel-dnven docks Northern Europe 
could make httle progress from Nordic savagery till glass windows replaced 
the sombre shts whi^ we still see m the massive stone castle walls of the 
robber barons. Like the ctock;^ glass windows were probably confined at first 
to cifaurcbes md xnomsterk$« 1450 the prosperous burghers of England 
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and Germany lived m houses equipped vsnith them By 1550 the Itahan glass 
trade was a great commercial asset At the time when Itahan science began 
to flourish, a new soaal demand for glass had made it a necessity of every- 
day life, and had set a new standard of transparency Glass was becoming 
relatively cheap, and therefore accessible for scientific voik At the same 
time It was now valued for the quahty which makes it suitable for scientific 
use After 1620, when flmt glass of high transparency was mvented m 
England, Enghshmen earned on and echpsed the Italian tradition of science 
The importance of the glass thermometer as a new mstrumenl of diagnosis 
m medicme mcorporated the study of heat withm the medical cumculum 
of the umversities The next great advance in heat measurement was made 
by Joseph Black, a professor of medicme m the Umversity of Glasgow The 
soaal context of Black^s researches has been touched on m Chapter VIII, 
where reference was made to the rapid mdustnahzation of Scotland after 
1745 Coalmining was an expandmg mdustry, and the Newcomen pump 
had lately been mtroduced mto Scottish colheries In repairmg a model of 
the Newcomen engme for use m connexion with Black^s lectuies, James 
Watt, a young techmeal assistant, was led to an mvention (p 429) which 
revolutionized the conduct of mdustry This mvention made Black's 
researches a turmng-pomt m the history of saence 


EXAA4PLES TO CHAPTER XI 

1 If “normal” body temperature is 98 4° F what is it (a) on the centigrade 
scale, Qy) on the absolute scale, and (c) on the Reaumur sc^e (freezmg point of 
water 0*' and boihng pomt 80° R )? 

2 Convert — 4° C and 105° C to the Fahrenheit scale and 20° F and 
214° F to the centigrade scale. 

3 Fmd roughly at what temperature water will boil at the top of Mt Blanc 
(15,800 feet) and Ben Nevis (4,400 feet) if the mercury barometer falls roughly 
1 mch for 1,000 feet ascent, and if the vapour pressure of water mcreases 
approximately as follows with nse m temperature 60° C , 15 cm , 70° C , 23 cm , 
80° C , 35 cm , 90° C , 62 cm , 95® C , 64 cm 

4 On successive occasions the shaker of the apparatus shown in Fig 282 

15 exhausted till the difference m mercury level of the pressure gauge is 74 5 cm 
at 1® C , 74 cm at 9 6° C , and 74 1 cm at 23° C The vapour pressure of 
water is approximately 0 6 cm at 1®, 0 9 cm at 9 5° C and 2 1 cm at 23° C 
The percentage of oxygen by volume m dry air may be taken as 2 1 per cent 
If the atmospheric pressure was 76 26 cm , what was the partial pressure of 
oxygen m equihbnum with dissolved gas m each case? 

5 A cylinder mverted over water encloses 200 c c of oxygen at 20° C when 
the level of water mside and outside is the same The mercury barometer reads 
74 cm , and tables give for the vapour pressure of water at 20® C 1 74 cm. Use 
Henry's law (p. 449, Chapter IX) to calculate the volume of dry oxygen at S.T P 
(0® and 76 cm ) 

6 Make a graph of the vapour pressure of water from the following data 
1® C 4 9 mm , 5® C 6 5 mm , 10® C. 9 2 mm., 15® C 12 8 mm , 20® C 
17 6 mm , 25® C 23 7 mm Hence find the relative humidity of (a) air at 

16 5® C when its dew pomt is 9 2® C , (b) air at 21® C when its dew pomt is 
19® C. 
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7 An ordin''i\ c»ieei metre scale agrees with an “invar’* rule at 0® C and the 
coefhcieni of linear e's.pansion of the metal is 0 000012 What would be the 
length of a pxece of glass found lo be 79 51 cm with the ordinary steel scale 
at 150° C 5 if measured with the “mvar” lule^ 

8 If the coefficient of lineai e^^pansion for copper is 0 000017, fin d how big 
a gap must be left betv^ een the ends of two copper bars, each one metre long and 
with the middle fi cd, to allow for expansion over a ange of 50° C above the 
temperatuxe at which they aie fixed 

9 If the iengtn of the tubular railway bridge across the Menai Straits is 
4b 1 metres, find how much the total length of steel varies between — 5° C 
and H- j 5° C (Take the coefficient of expansion as 0 000012 ) 

10 The coefficients of linear expansion (mcrease m length per umt length 
per degree centigrade) ol brass and steel are 0 0000187 and 0 000011 If the 
length of two lods of b^^ss and steel respectively axe 1,500 and 1,502 mm at 
0^ C , to what tcmperatuie must the> besheated to make them the same length 
exactly ^ 

1 1 A bridge is v^onstiucted from 10 girders 60 feet long made of steel whose 
cocfficxcnt of expansion is 0 000012 per degree centigrade It has to stand a 
wmtei tempciature which may sink as low as 15-" F and a summer temperature 
m t!ie sun of 1 30° F What must be the length of the gap between each girder at 
the lower temperature^ 

12 For eveiy twenty miles of steel rails laid down at 37° F ^ what will be the 
total length of the track if the gaps are just sufficient to allow for a summer 
temperature of 120° F ? Take the coefficient of Imear expansion for the rails 
to be 0 000012 

13 A brass pendulum has a half period of 1 second at 15° C How much 
wiU It gam or lose per day if kept at a temperature of 22° C ? 

14 If the density of mercury is 13 596 at 0° C and its coefficient of cubical 
expansion is 0 000182, calculate the error in readmg a mercury barometer at 
10° C and 25° C when the true atmospheric pressure is equivalent to a column 
of mercury 75 cm at 0° Neglect the expansion of the glass 

THINGS TO MEMORIZE 

1 Temperature F = | (temperature C ) + 32° Temperature R^umur 
— j (temperature C) 

2 Relative humidity at T 

_ Mass of water vapour m given volume of air at T 

^ Mass of water vapour m same volume of saturated air at T 

Pressure of water vapour m air at T 

~~ Pressure of water vapour m saturated air at T 

If the dew pomt of the sample has been found, then 
Relative huimdity at T 

^ Mass of water vapour in saturated air at dew pomt 
^ Mass of water vapour m saturated air at T 



CHAPTER XII 


THE DARK SATANIC iVilLLS 
J/; ' Supenjimty of Mere 7 ‘on 


Thf invention of the steam engme as a pumpmg oev^cc foolt place in the 
closing years of ihe seventeenth century The newly-formed Rojal Society 
m England took a conspicuous part both m its theoietical and practical 
development Durmg the succeedmg half-centurj , which mteivened between 
the patents of Savery and Newcomen on the one hand and the fruitful 
partnership of Boulton and Watt on the other, the adventurous hopeful- 
ness of early Enghsh capitahsm declmed, ana the temper of academic 
saence gravitated away &om the otigmal intention of the charter to promote 
(as Sprat tells us) “a contmuous succession of mventors ” In the next stage 
of the theory and practice of power production the scene shifts to Scotland 
Dr Johnson, who poured contempt on Milton’s attempt to introduce 
the tea ching of saence durmg his short employment as a schoolmaster m 
Aldersgate,* once remarked that education m Scotland is like food m a 
beleaguered aty where everyone has a httle and no one has enough Time 
will come when Johnson will be remembered, if at all, for his meptitudes 
The first half of the eighteenth century was a decadent penod m the history 
of Enghsh social culture Saentific enquiry languished when concern for its 
“true and lawful goal” was rehnquished. Speaking of Birmmgham m 
Boulton’s boyhood, Dickinson (Matthew Boulton) remarks : “Here as else- 
where in the country the decay m educational foundations that we find so 
commonly m the eighteenth century went on almost unchecked ” Mean- 
while Bntish science renewed its youth m Glasgow and Edmburgh, where 
Dr. Black was the most noteworthy of several pioneers of modem science 
Between the penod of Newton, which immediately followed a rapid exten- 
sion of educational &cihues, and that of Davy, Dalton, and Faraday, recruited 
firom a new fund of social personnel, Scotland mamtamed the predummance 
of Bntish saence when England could chiefly boast of a plethora of prosaic 
hteratt.-f Perhaps the Welsh, who are now domg important work on pastur- 
age, will be able to sustam British self-respect until we have the sense to 
raise the school age and provide firee umversity education 
The debt of Bntish saence to John Knox as the pioneer of umversal 
education is a theme which ments more attention than has been given to it 
Between the Art of Umon and the repeal of religious tests m the English 
umversities the higher seats pf leanung m England remained the preserve of 
a small social dass with a narrow cultural outlook. The task of supplymg 
man power for the professional services m the colonies largdy devolved on 
the Scottish universities. The latter could thus provide a qualification which 

* Dr. Johnson’s Ltoa of the Poets 

t Cavendish illustrates the adage that one swallow does not nuke E SUQQlKXlcr 
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was a safe conduct 10 piofcss^onaJ employment Higher education m Scotland 
received a powe Tji n fror:i tie end ludustriel Revolution in 

piojress at the lime unw'ejroc^< tus firsi espenments, nnanced bj 

Black SmileG (j^toes of D^e e^iTs — 3ovUo ^ aid Wa^C) le^V's to the 

mfluence of Blacr tne foiiowmg passage 

Among his oJiei eiwpCiimen^s i) consttucted a ooilcr winch showed 

by inspection the qaanuty of vv 'po^*-tca m an;^ given and tlie 

quantity or stca-n ased. ri c^/e^y Sixoi e oJ* the engi^^e He rstonshed to 
discovc that u. oiiiaL quaruty ot 'vatci sn c*^c %i.n* of steam neatcd a larger 
quantity o£ cold wat^-x iii^vC'tcd aa j c^lmdcx for the pixrpose of cooling it, 
and upon faiJicr c m ^'iceixamea that stca n headed ^I'v. tunes its 

weight of co.a w^tc^ up xO 2 ■ v/as uae tcmperat-’e of the 3 team itself 

‘‘Being straJ Vv.m tins ’^vinnlcAble ^act,” bays ^aci “and not laidcrstanding 
the reason of il, I mentioned it to my friend Or Blacky \vlio then esplamed 
to me lus doctrme oi Otert heat, winch he had taught for some time before 
this period (the summei of i7t3l), but havmg myselt Dcen occupied by the 
pursuits of business, if I had ueaid of it I had not attended tc it, when I tnus 
stumbled upon one of the material facts by winch tha^ beaauful theory is 
supported When Watt foimd that water, m its conversion into vapour, 
became such a reservoir of heat^ he was more than evei oent on economizmg 
It, for the great wa^te of heat, involving so he ivy a consonipuon of fuel, was 
felt to be the prmcipal obstacle to the extended cniploynient of steam as a 
motive power lie *ic<^ dmgly endeavomed with the same quantity of fuel, at 
once to mcicase the pmnurtion oi steam, and to dimimsh its waste He m- 
cieased tlie heatmg suiface ol the boiler by makmj> flues through it, he sux- 
roimded his boiler with wood, as being a worse conductor of heat than the 
brickwork which surrounds common furnaces, and he cased the cylinders and 
all the conductmg-pipes m materials which conducted heat very slowly But 
none of these connivances were effectual; for it turned out that the chief 
expenditure oi steam, and consequently ot fuel, m the Newcomen engme was 
occasioned by the re heatmg of the cylmder after the steam had been condensed 
by the cold water admitted mto it Nearly four-fifths of the whole steam 
employed was condensed on its first admission, before the surplus could act 
upon the piston 

In other circumstances the researches of Black might have remamed im- 
known The doctrme of latent heat, which will be explamed m this chapter, 
was never published m a punted form by its author, who announced it verbally 
m a paper read to the Newtoman Soaety of Edmburgh m 1702 Its mfluence 
on the mvention of the new engme illustrates both aspects of the umty of 
theory and practice m scientific progress The other side of the relation is 
mdicated m the following passage from Prosser^s book on Btrmmgham 
Inventors It refers to John Southern. Like Murdock, who was a medallist 
of the Royal Society, Southern was an employee m the Soho firm, and, 
like Watt and Boulton themselves, was a Fellow of the Royal Society Southern, 
says Prosser, 

was an excellent mathemariaan and very useful to Watt m that capacity His 
researches on the elasticity, density and latent heat of steam^ which were under^ 
taken at Watfs request m 1808, were for a long time the standard authority on 
the subject. They were prmted m Brewster^s edition of Robinson’s Mechamcai 
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The close connexion between Scottish theory and English pracuce dnrmg 
the critical years of the Industrial Revolution is also iHustrattfci by the busmi:*ss 
rdations of Boulton with Small, Roebuck, and Keir (pp 424-4dS) Boulton 
and Watt were both elected Fellows of the newly-formed Royal Society of 
Edmburgh before they were admitted (1784) as Fellows of the parent body 
m London Wedgwood was elected about the same tmie m recognition of 
researches on heat measurement at high temperatures undertaken to ascertam 
the correct method of bakmg his pottery products Ehs relauons with the 
Edmburgh Soaety are mdicated m the ensumg passage from SmJes^ Life oj 
Josiah Wedgwood 

Wedgwood sent his first paper to the Royal Society on May 17S2 His 
paper was entitled, *^An attempt to make a Thermometer for measurmg the 
higher degrees of Heat, from a red heat up to the strongest that vessela of 
clay support ” A few months after his paper had been read at me Royal 
Society, Mr Wilham Playfair, an Edmburgh Professor, wrote to Air Wedg- 
wood the followmg letter (London, September 12, 1782) ‘ Sir — I had die 

pleasure of bemg present at the reading of your very mgemous paper on your 
newly-mvented Thermometer before the Royal Society last spring, and of 
]oimng in the general satisfaction that such an acquisition to Art gave all 
present I have never conversed with anybody on the subject who did not 
a dmir e youT Thermometer, and considered it as bemg as perfect as the nature 
of things will admit of for great heat, but 1 have joined with several m wjslimg 
that the scale of your Thermometer were compared with that of Fahienlicit’s 
(so umversally used for small degrees of heat), that without Icammg a new 
signification, or affixing a new idea, to the term Degree of HeaU wt might avail 
ourselves of your useful mvention The method proposed m the enclosed papei 
occurred to me as one apphcable to this purpose, and I lay it belorc you with 
all deference to your better judgment of the subject I should be glad to know 
where I could purchase some of your Thermometers, as I can get none here m 
town — I am, sir, with much regard, your most humble servant — ^William 
Playfair,” Wedgwood followed Mr Pla 3 rfair’s advice In his next papers, sent 
to the Royal Society, he gave a reduction of the degrees of his Thermometer to 
FahrenheiPs scale, from which it appeared that the greatest heat he could 
generate m a small furnace comcided with many thousands of degrees of 
Fahrenheit — ^the scale of heat which was registered by his Thermometer bemg 
about thirty-four times as extensive as that to which the common Thermo- 
meters could be applied 

Through Black, Watt was brought mto touch with Roebuck, whose 
pioneer activities m the manufacture of sulphuric acid at Prestonpans 
placed him m the forefront of Scottish mdustrial enterprise. While he 
was occupied m developmg the Carton Ironworks m Sturlmgshire, Roebuck 
supphed capital for the new mvention. The venture was a failure owmg 
to defects of workmanship Practical success did not crown the efforts 
of Watt until after a visit to Birmingham (page 429) He was mtroduced 
to Boulton by Dr Small, a Scots physician who was a close fhend of 
Benjamin Franldm. The renowned partnership T^egan m 1775 

A demand for the products of Boulton and Watt came first fixim the mines 
and then from the Potteries where the Newcomen engine was already in use 
When Watt took out his first patent in 1769, there were already, according 
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to Haxumond, hundred of Newcomen’s engmes at work m Northern 
colhenes alone ” Successful construction of engines of the new design did 
not begin till se\en yec*r> la-ei Hammond tells us 

In 1776 engines built oa V^/att’s principle were for the first time actually at 
work LiixC Newcomen’s engine tney worked a rod up and down and 

were suitable only for pumps or fci blo^uig bellows The m am demand 

for the engmes came froj.n the tin ant* me copper miaes m Cornwall where work- 
ings were deep^ fuel scaice or dear 

About this time mecnanization on tL basis of water power was takmg a 
decisive step forward in the textile mdu sti y Several inventions connected with 
the spinning of fibies into thread leady for weavmg comcided independently 
with the invention of the Watt engine, and prepared the way for usmg steam as 
a source of power m the factory One was Arkwright’s ‘‘water-frame,” 
patented m 1769, to produce yarn suitable for the warp by usmg water 
power Crompton’s mule (1779) served the same end, and was likewise 
adapted to use of water power These and other new sp inning devices rapidly 
led to mechanization and factory production which extended more slowly to 
weavmg after the mvention of Cartwright (1785), whose power looms only 
came into use after successive improvements from 1803 onwards The 
response of the textile mdustry is illustrated by the fact that, accordmg to 
Hammond, it absorbed 114 out of 325 engmes produced durmg the first 
twenty-five years of their partnership by Boulton and Watt 

Burke spoke of Birmingham m his day as the “toy shop of Europe ” 
John Leland, who visited “Bermigham” m 1538, already noted that “a 
great part of the Towne is maintamed by Smithes who have their Iron and 
Sea-cole out of Staffordshire ” Small metallic arucles, such as buttons, 
buckles, candlesticks, medals, and so forth, were promment articles of its 
produce m the late seventeenth century, and such “toys,” as this class of 
goods were then called, were the output of Boulton’s factory The Newcomen 
engine had been adapted already (see p 429) to produce rotary power by 
pumpmg up water for a mill wheel m the Pottenes Boulton conceived 
the same plan for his hardware factory It had also been used m Scottish 
metallurgy The direct connexion of the piston with a wheel was not 
patented till 1781 Thenceforward steam was available for any mdustnal 
operations based on factory production That the need, which prompted the 
Staffordshire Potters or Boulton himself to prepare the way for steam-dnven 
machmery by graffang the Newcomen pump on the pre-existmg technology 
of water power, did not emerge m the more widely distributed mdustry of 
clothmg, IS not surpnsmg At this time the textile industry had no direct 
affiliat ions with the mimng mterests, nor had it an immediate need for much 
fuel Hence it could not serve to brmg the problems of pumpmg and motion 
mto the same technological context When this happened techmeal mventions 
conspired with pohtical events to stimulate the mam demand for steam 
power in textile roanufecture 

In the first half of the eighteenth century local Enghsh mantifiicturers 
were still hampered by the monopolistic wealth of the great chartered 
companies. Although restciction of monopohstic privileges had been one of 

T* 




Fig 289 — An Early Watt Model (DiAORAMWATiiasD) 

Although Watt’s ongmal intention had been to use the direct expansive power oi 
compressed steam, bis engme was really an atmospheric engme, since the pressure 
of steam in the boiler was barely m excess of atmosphenc pressure J he dnving 
force, as m Newcomen’s engme, was the creation of a partial vacuum, but this was 
brou^t about by the condensation ot the steam m a separctu condenser kept contmu-* 
ally m cold water, so that the piston was kept as hot as possible during the entire 
cycle Hence no energy was wasted m makmg steam to heat up the piston cylmder 
after each stroke For simphcity, the condenser where the steam hquihes and the 
pump to sudc off the water which thus collects m it are drawn as one unit Compare 
this with Newcomen’s Fire Bngme (Fig 274), The earhest Watt engines were sold for 
pumpmg like Newcomen’s. The mine pump rod was attached to a wheel for pro- 
ducmg rotary moaon m the “Sim and Planet” Patent of 1788 
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the cardinal sources of conflict wi^h the Crown m the period which preceded 
the first Revolution of Stuart tunes, the power of the great colonial trading 
interests emerged intact from the pohtical struggles of the seventeenth 
century The finanaal and xnercantiie ohgarcby of London exercised a 
powerful influence m PailiamCi?*^ and the power of Parliament could still 
be used to secuie monopolies whicn handicapped local mmaiive The great 
wealth of the “Nabobs” created a fashion foi the silks and other febncs of the 
East India Company, and so ttimulatea ^ demand which the English clothier 
could not hope to satisfy A contmual conflict went on between local manu- 
facturers and the monopohes In 1700 the former succeeded m getting an 
Act passed to forbid the import of cotton goods already pnnted and dyed, 
and m 1721 another Act prohibiting importation of goods exclusively com- 
posed of cotton for prmtmg and dyemg In spite of these minor victories the 
fashion for Indian textiles persisted Durmg the War of Independence the 
Amencan middle classes were m one sense fighting the baxtle of the small 
English manufacturer as well as their own Their success, which dealt a 
deasive blow to the old impenahsm, was also a prelude to the nsmg pohtical 
power of local English manufacturers The successive impeachments of Warren 
Hastmgs and Lord Chve m the two decade which followed the beginning 
of the War of Independence and of the partnership of Boulton and Watt 
were pubhc obituaries on the prestige of the great merchant monopohes 
The ethical vehemence with which nascent humanitarian sentiment of the 
time was enhsted to expose the ill-gotten gams of the Nabobs might have 
been adapted to expose abuses nearer home, if it had not been usefully 
employed m makmg aestheuc fashions mimical to manufactunng mterests an 
ob|ect of moral obloquy 

Durmg the period of more mtensive mechanization m textile production, 
the Potteries were active m promoting a transport revolution, which b^an 
with the construction of a canal between Manchester and the Duke of 
Bridgwater’s colhery at Worsley m 1760 The new canal system, which grew 
to meet the needs of a rapidly expandmg volume of commodities, and the 
colhenes, where the use of steam power had been so long established, were 
chiefly responsible for the introduction of steam-^dnven transport Symmgton’s 
steamboat launched on the Forth and Clyde Canal m 1802 was the first of 
Its kmd In the colhenes the need for smooth roads smtable for heavy traffic 
had been solved by putting down iron rails for horse-dnven trucks, and the 
first steam locomotive was tned out on one of these truck railroads at Merthyr 
Tydvil m 1804 In 1819 the first steamship crossed the Atlantic A goods Ime 
between Stockton and Darlmgton was authorized by Parliament two years 
later, and was opened m 1826, In 1830 a passenger Ime between Liverpool 
and Manchester mitiated the modem Enghsh railway system, the mam 
featiircs of which were blocked out by 1848, 

The Newcomen mechanism was not adapted to rotary motion and, there- 
fore, to the needs of factory production It was necessarily slow and neces- 
sarily wasteful. Steam had to condense in the piston cyhnder at each stroke 
and could not r^ll the cyhnder till the latter h^ been heated up agam. This 
used up time and ftieL In the Watt patmts and in all subsequent steam 
engihea. ato«au omiemm m a separate chamber. There it is prevented from 
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cooling much below the temperatuie at which it will )ust pass mto the liquid 
state^ and returned to the boiler with as httle loss of heat as possible No fuel 
is wasted m contmually heating up the piston c>lmdcr or continually brmging 
a large volume of water to boihng point The intiodaction of the separate 
condenser therefore made an engme dependent on atmospheric pressure 
more rapid, more economical, and — ^for both reasons — better adapted to 
produce rotary motion For this xt was only necessaiy to connect the piston 



Fig 290 — ^The Railroad System in Agricola’s Treaiisf 

In medieval tunes wooden rails were already used for trucks at the pithead owing to 
inferior techmque of road making 

rod to a crank or eccentric Owing to the existence of a patent which pro- 
tected the crank, the first rotary engmes of Boulton and Watt had recourse 
to more compheated devices such as the “Sun and Planet” gearmg 
Watt’s original intention, based on Black’s teachmg, went much further 
than this In the Newcomen engme and m Watt’s modification with the 
separate condensed, steam was used to create a vacuum The effective force 
of the stroke was limited to the pressure exerted by the atmosphere At 
a^osphenc pressure the volume of steam created is about 1,600 tunes that 
of the boiling water which produced it Hence very high pressures can be 
generated when water is heated to boiling point in a confined space* Watt 
realized that an engme of a given size and fuel consumption would generate 
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more power if the direc^ p^esso-ie piocuced 05^ Lhe expansion of compressed 
steam acted on the piston in hotli directions ILis attempts to construct an 
engme which <101110 ?ise me full fo ce 01 e^^pandmg steam at each stroke 
vvere defeated .nferioj. technique oi incciiine consticction Tnese diffi- 
culties vicre hxiail;y o^eicone h> T^evim^ck^’s introduced about the 

year In modern eng ncs v^iuch use ce C’lect power of steam, the latter 




Fig 291 — ^Double-Acting Engine 

In the double-acting engme which uses direct steam piessure the slide valve which 
alternately lets in steam at opposite ends of the piston is worked from the mam shaft 
of the fly wheel by an “cccentiic *’ For clanty a simple lever attachment is here 
shown The merua of the fly wheel carries the piston back or forward durmg the 
short mterva] when the steam is shut off completely at the end of the back and for- 
ward strokes The )omts to penmt lateral displacement of the rods are not shown 

IS let m and shut off alternately (Fig 291) by suitable valves placed at opposite 
ends of the piston cylinder 

Nowadays we are all aware that the body uses more fuel m cold weather 
and when performing hard work So it is easy for us to see that the New- 
comen engme was trying to face the ngours of an arctic wmter on an unem- 
ployed ration for food and clothing Commonplace truths of an age when 
calones crop up m parliamentary debates or m the columns of housekeepmg 
journals were new ^eore&cal discoveries m the eighteenth century We take 
It for granted that it is the busmess of an engineer to draw up a balance 
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sheet of fuel consumption and power Nobody did so m Newton’s time 
Watt’s engmes were at once the offspring and the parent of scientific know- 
ledge which Newton and his contemporaries did not share 


THE MEASUREMENT OF THERMAL EQUILZBRIUM 

The achievement of Watt was made possible by lesearches which for the 
first time clearly established the pimciple of thermal equihbrium and the 
effect of heat on the change of state from hqmd to vapour Black’s mvesti- 
gations^ which will now be described, were the dawmng recogmtion of one of 
the most revolutionary, though simple, conclusions of modem science It 
IS now called the comervatton of energy In simple language this means that 
if we measure each kmd of change m suitable umts, there is a fixed relation 
between the amount of change of one t 3 ^e which gives ti&e to a certam 
amoimt of change of another t 5 ^e The lecogmtion of this umvcrsal truth, 
which now links all branches of natural knowledge together, rests on dis- 
covermg smtable ways of measurmg the various kmds of changes which we 
classify as heat, hght, chemical, mechamcal, electrical, etc, according to 
their ^rect or combmed effects 

To Black’s researches we owe the fundamental prmciples of a balance-sheet 
between the source of heat and the use of heat Costmg heat production 
and fuel consumption mvolves two classes of measurement. The first is 
temperature When two bodies at different temperatures arc brought 
together, each suffers a change which contmues till both register the same 
temperature This is essentially what we mean when we speak of the flow 
of heat, and we shall take it as a definition of what we mean by thermal 
change Water at exactly QP C. has not the power to melt ice at 0® C Water 
at 100® C has The temperature of a body thus mdicates whether or not 
It has the power to change its surroundmgs m particular ways For this 
reason we may say that temperature measures the potential of thermal 
change Thermal change also mvolves a second class of measurements called 
the heat capacity of a system Smee different quantities of water at 100® C 
will melt different quantities of ice, the heat potential of a body, i e its 
temperature is not sufficient to tdl us how much change it will brmg about 
This also depends on how large it is and on the nature of the substance 

In the previous chapter we have seen how this was first (p. 662) established 
half a century before Black’s work began. The Italian meteorologists had 
shown that equal quantities of different substances at one and the same 
temperature, let us say 100® C , will melt different quantities of ice Similarly, 
if we mix the same quantity of water at, let us say, 6® with equal quantities 
of other substances at 100®, the final temperature when both constituents of 
the mixture are brought to the same temperature us different for different 
substance If the same source of heat (e.g. a hot plate at constant fomper- 
ature apphed to the base of vessels of the same materials and dimensions) 
acts for the same length of time, tte temperatures through which equal 
masses of different substances are raised are different. Any one of these three 
methods can be used as a entenon of thermal capaaty. Tb^ same pzopoition 
exists between the masses of a gtoup of difiSsraat materials which at one and 
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the saine fejnperature will (a) melt a given quantity of ice, (i) raise the 
teripciature of i gi'^eix cjantiuy of wzIk .1 to a given le'^eh (c) reach a given 
tempeiaoiic ^ a given time wneji biib;et.weJ to t/ie sa^ne source of heat 
for tLe p^uposcs of li^usnanon the second of these three gives us the 
most simple waj- of sttd^mg tnermal equilibriuri^ tn'^t is to say, the nature of 
the final result wnen no fnitner ch'^n-e occais If v/e mm equal quantities 
of Water at 6° and 15° chs *csu!ang tempeiaant^is the aritnmetic mean 10° 
If mis 6 grams of wa^cr at 5° with lo gicunz of v*iater at 15° the final 
tempera tuie of o the arithmetic mA:*an ryeigm.ee accotwmg lO the weight 

of each cojistituent, i e 

-V 5° 4- X 15° =- 12’° 

The second result can be deduced Lorn the first if we make a simple assump- 
tion Divide tne watci at 15° mto two Iols of 5 and 10 grams If vve mix the 
former with the water at o° thi resulong temperature is 10* We now have 
left two lots of 10 giams at 10° and 15° respectively On mixing, these will 
both leach a final temperature of 12’° Since expeiiment proves this to be 
true, we can proceed to examme dufferent types of thermal equihbnum by 
appljmg the same convention, i e oy Leepmg a separate balance-sheet for 
whatevei happens to each constituent 

If you do thib you will notice that the 5 giams of water (A) at 5° has gamed 
12 — 6° == 7]° C , and the 15 grams of water CB) at 15° has gained 12]° — 15° 

— 2^° G Hence its loss is one-third as much as the gam m temperature 
by A, winch is one-third of B by mass That is to say. 

Temperature gamed by A Mass of B 

Temperature gamed by B Mass of A 

Puttmg ta and ti, for the temperatures of A and B at the beginning of the 
experiment, T for the final temperature, and nia, for the weights of the 
constituents. 

This reminds you of the law of equihbnum of the lever On each side we 
have the product of two quantities In the rule for the lever the two quantities 
(distance and force) are ways of measurmg different components of mechanical 
work. In the rule for heat they are ways of measurmg different components 
of thermal change Just as we measure work done by the product of the 
load and the distance through which it is lifted, we may therefore measure 
heat change by the product of the temperature througji which a quantity 
of matter rises or falls and the amount of matter which is mvolved. The 
lever is m eqmlibnum, if the same amount of work is done on one weight 
and by the other wcigiit. By analogy, therefore, we say that the common 
temperature which the two bodies share when equilibrium is estabhshed 
must be such as to make the amount of heat given up by one equivalent to the 
amount of heat taken tn by the other. The amount of heat is measured by the 
product of the temperature drop and mass, )ust as the amount of work is 
mesmted by the pr^uct of vertical distance and weight 
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Experiment shows that the lav., m the form stated so far, is only true 
if the constituents of the nuxtuxe ^ maae of tbe material Mixmg 

6 grams of iron at 5® C with 15 gleams of water a*. 15° C does not lead to 
the same result as mixmg 5 grams of wa«-er at 5° C to 15 grams of water 
at 15® C It takes^ in fact> 9 times as much non at 5® (45 grams) to cool 
15® C of water to 12]® C Similarly, it takes 9 times as long to raise a given 
mass of water from 5® to 15® as to raise the same quantity of non from 
5® to 15® usmg the same source of heat^ and it takes 9 limes as much iron 


I it? D ^ lOC C 



Fig 292 — Specific Heat of Iron 

The specific heat of iron is Hence the heating effect of iron is one-mnth as great 
as the heating effect of water 1 lb of water at 100® added to 1 lb of water at 20® equi- 
bbrates at J(100®) + i(20®) =« 60® C One lb of water at 20® mixed with lb water 
at 100® equihbrates at 

/oC20®) -}- tV>(100®) = 28® C 

as water both at 100® C to mdt a fixed quantity of ice at 0® C Thus the 
same quantity of iron at a given temperature can be heated or cooled far 
more readily than water For purposes of heat equilibrium 1 gram of iron 
behaves as rf it were one-mnth of a gram (0 11 gram) of water, and we can 
therefore calculate the thermal equilibnum between iron and water by 
simply multiplymg the mass of iron by 0 11 This mdex is called the 
specific heat of iron 

To apply the law of thermal equilibnum to substances other than water 
we therefore multiply the mass of each by its ‘‘specific heat.” This gives 
us Its heat capacity expressed as that of an equivalent quantity of water. 
Water is chosen as the standard because of its veiy great heat capacity. It 
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\^ill help 3 ^ou to Ujaderstand vvhj nearness to vi?*.er results in a more equable 
climate^ oi \^hy sandy dese -ts get so mach hotter than regions of nch vege- 
tation exposed to the same duration of EL-isniiie, if 3 ou compare the specific 
heats of a fei?v substances 

Sand 0 10 Aiumrtnuim 0 21 

Glass 0 12 — C 2 t Alercurj^ 0 03 

Turpenone 0 ^2 Brass 0 09 

You ^^lU notice that tne specific neat of sand .s G 19 Tins means that it 
takes roughly five times as much sand to produce the cooling effect of a 
given quantity of water, hat it takes five times as long to heat up t^ater as 
to heat up the same mass of sand to the same temperature, and that a 
given quantity of sand cook to the same level five times as fast as the same 
quantity of water A mercury thermometer onl> absorbs one-thimeth of 
the heat which is absorbed by a water thermometer of the same dimensions 
So It responds more quickly and xS more accurate Mercury has several 
advantages over water It does not wet glass, does not evaporate so readilv, 
expands evenly, and has a much wider range between the boihng and 
freexmg pomts 

To find the specific heat of a hqmd the simplest method is to measure 
the same mass of the unknown and of a standard whose specific heat has 
already been foimd (e g water sp h = 1) If both are brought up to the 
same temperature and allowed to stand in vessels of exactly the same dimen- 
sions in a draughtless room at uniform temperature their specific heats are 
proportional to the times taken to cool to any fixed temperature To 
find the specific heat of a sohd it may first be weighed and then put mto 
a vessel contaimng a known weight of water at a dijBFerent temperature If 
the specific heat of the sohd is 5 , its temperature and its mass i«, the mass 
of water at a lower temperature t^o being M, the heat capacity of the sohd 
1 $ sm If the final temperature is T the amount of heat givertup by the sohd 
is the product of the fall of potential (t, — T) and its heat capaaty So the 
heat loss is (/, — sm The heat gamed by the water is — — T)M, and 

accordmg to the prmciple of equihbnum, 

sm(t, — T) = — — T)M 

M T — iuf 
* ” w t,— T 

As an example of such a deteimmation, suppose 10 grams of lead at 160° C. 
IS added to 40 grams of water at 20° C., and it is found that the final temper- 
ature IS 21° C. The fall of temperature of the lead is 129° C (i e — T 
— 129° C ), and the nse of temperature of the water is 1° (i e T — tv,— 1° C 
so that if ^ IS the specific heat of lead, 

j = X rfir = 0 03 (approximately) 

Stnedy speaking, we ought to make allowance for the vessel con taining 
the water If the weight of the vessel is small compared with the water 
contained m it, and the material has a very low specific heat like brass, this 
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source ol error is very small To correct for it we have only to add to the 
mass of wjcei the mass cf the \essel multiphed by its specihc heat 

In speaking of the amount of heat lost or gained, the mtemational umt is 
the amount of Lcat e^ained or icst when one gram of water is raised or lo^ ered 
through I"' C This is called die calorie It follows from the definition that 
10 calories are expended m raismg 10 giams of water or 1 gram of water 
10% or o grams of w ater 2% etc The commeicial value of fuel m Britain is 
measured hy an analogous umt, the British Thermal Unit, which is the 
amount of heat icquired to raise 1 lb, of watei tnrough 1® F The ‘‘therm” 
IS 100,000 B Th U How we can adjust the supply of gas to the demand for 
It may bo iliusiraied hy a simple example An non kettle weighs 3 lb , and 
the watei an it weighs 5 lb Takmg the specific heat of iron as approxi- 
mately 0 , the equivalent weight of water only is f -t* or lb Hence 
5| B Th U are required to heat it through 1® F. To boil water which has 
been kept m a room at F , it has to be raised from 62® F to 212® F , i e 
through 150" F Thus the heat required is 

160 X 6 J = 800 B Th U. 

We can know how much heat (B Th U ) is produced by btuiung 1 cub ft 
of gas once for all by findmg the temperature (F ) through which 1 lb of 
water is raised by the combustion of a measuj^ volume. Hence we can 
estimate the quantity of gas required to boil any quantity of water m any 
kettle of known dimensions Biitish gas works are required to supply gas 
having a heatmg power not less than 450 B Th U per cubic foot Smee 1 lb 
of water is 453 0 grams, it takes 453 6 calones to raise 1 lb of water 1® C 
Smee a degree Fahrenheit is §ths of a centigrade degree, it takes 

^ « 252 calones to raise 1 lb through r F. Thus 1 B.Th U = 262 

calones. For many purposes the calone is too small a umt, and a umt analogous 
to the thetm is. used This is the “large Calone” (spelt with a capital C) 
which IS equivalent to 1,000 ordinary calones When we speak lator on about 
the calone value of a ^et we mean “large” Calones, i e. 1,000 times the 
unit defined above. 


IHE LATENT HEAT OF ICE AND STEAM 

The last remarks provide an example of a fixed relation between a defimta 
amount of dienucal change (burning 1 cub ft of gas) and a defimte amnunt 
of thermal change (so many B.Th U.) resultmg &om it Clear views about 
the mterconnexion of changes m the physical world actually b^gan with 
the study of the converse problem, the quantity of another type of physical 
change resulting from a thermal change This, of course, was only possible 
when die study of heat capacity had been undertaken and the pnnaple of 
thomal equihbnum estabhshed tbxot^ Black’s researches, whidi led on 
to an enquiry mto the relation of heat to change of state, and hence to cleaxer 
views about the phjrsiology of the steam engine. 

Most of us know that when wausr is htought to the boiling point it does 
not tom mto steam instantaneously. It remains at 100° C. at atmospheric 
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pressure as xt gradually boils ay * Similarly^ 'Vi'hen a small quantity of 
boiimg water xs added to ice at 0% some of die ice melts to water at 0® 
Equilibrium re^^chea Without aa 3 , change of temperature so far as the ice 
IS concemea Still, m any mtelligib-e sense^ Same or the boiimg water 
have lost a certain amount of heat, which does no* result m a cc^respondmg 
gam of temperature by the water or the ice It results m a totally different 
kmd of change, change of state from Lqind to \apoiir or cohd 'o hqiud 

Tne bimplesL way to show that theie is a coustan*. lela^ion benteen Doth 
changes when measured appropriately is to apph the same source of heat 
to a known mass of ice at O'" and note hov^ long Jt takes to melt the ice, to 
reach me boiimg pomt, and to bod awa} completely /ou will men find 
that for a certam period t^ minutes w Lile the ice is melting you ha-^e a mature 
of water at 0® C and ice at 0® TLeieai:ei^ when there is no more -tce, the 
temperature rises nearly umfonnly from 0® to iOO® C Tor a ceriam per-.oa 
^2 For a third period while the water is boiling aw a}’, the temperature 
remams at 100® C If the experiment has been carxiea oat with i gram of 
ice, the amount of heat used up m the time when me temperature rises 
from 0® to 100®, is 100 calones The source of heat is therefore yieldmg 
100 — t 2 calones per minute In mmutes it theicfoie gives up x 
(100 — calones, and m mmutes X (100 — ^2 ) calones Therrfore 
those two quantities represent the amount of heat respectively absorbed m 
convening 1 gram of ice at 0® mto 1 gram of water at 0®, or 1 gram of water 
at 100® mto 1 gram of steam at 100® 

They are called the latent heat of meltmg and the latent heat of vaporiza- 
tion, and are constant, bemg 80 and 537 calones per gram respectively 1 hus 
the amount of heat required to convert one gram of water at 100® C to 1 gram 
of steam at 100® C is 637 times as great as the amount of heat required to 
raise 1 gram of water at 99® C to 1 gram of water at 100® C An electnc hot- 
plate which raises water at freezmg temperature to the boil m 25 minutes 
will just melt the same weight of ice at 0® C m 20 minutes, and will not 
evaporate the water to dryness till }ust under two hours and a quarter (134 
mmutes) after it begms to boil It takes 8 grams of water at 10® C to mdt 1 
gram of ice at 0®. It takes 98 grams of turpentine at 113° C to convert 1 gram 
of water at boiimg pomt mto steam 

There are many simple apphcations of these facts m everyday life, as, for 
instance, the coolmg effect of sweat evaporating on the skm. Another is the 
behaviour of a freezmg mixture AU soluble substances depress the freezmg 
pomt of water Hence salt water melts below 0®. So when common salt is 
added to ice at 0® the mixture is not m equilibrium, and the ice melts. Smce 
ice absorbs 80 calones of heat per gram melted, this can only happen by 
coolmg its surroundmgs, and a )ug of water surrounded by a ^^fteezmg 
mixture” of ice and s5it is itself tozen. Conversely, water gives up heat 
when It freezes. A large pan of water placed near vegetables m a room pre- 
vents them from freezing for this reason. The vegetable sap containing solid 
m solution has a lower freezmg pomt than water. The water therefore freezes 
first, and m doing so ^wes back the 80 calones per gram which ice takes up 
m tneitittg, thus helping to keep the temperature of the room above the 
freezing point of sap. 
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In his book on the Theory of the Earthy the great Scottish geologist Hutton 
refers to Black’s work m words which are appropriate to the results when 
Its imphcations began to be recognized ‘^In the abstract doctrine of latent 
heat” he sa>s “the ingenuity of man has discovered a certam measure for 
the quantity of those commutable effects which are perceived ” Though 
history has hardly verified his aristocratic assertion that Black’s discovery 
was a “progress of science far above the apprehension of the vulgar,” it 
sufficiently justifies the statement made earher m this chapter Although it 
now seems commonplace to recognize a defimte connexion between different 
kmds of changes like the consumption of fuel, the heatmg of water and the 
production of steam, it was not the way m which people looked at the world 
before Black made the first balance-sheet connectmg two different kmds 
of physical processes 

A new era of ph 5 'sical research now began In 1777 a Scottish chemist 
called Crawford, who was associated with Black, showed that the temper- 
ature of the same contamer was raised by 2 1,1 9, and 1 7 (i e approximately 
the same number of) degrees Fahrenheit for every 100 oimces of oxygen 
consumed by burmng wax, bummg charcoal, and the breathmg of a hve 
gumea-pig Three years later Lavoisier and Laplace burned a weighed amount 
of charcoal m a vessel surrounded by ice and calculated the quanuty of heat 
generated per umt weight of carbon dioxide produced They did this by 
measurmg the amount of ice which melted They then made a similar 
experiment and calculated the amount of heat lost by a hvmg gumea-pig 
durmg the production of the same quantity of carbon dioxide, concludmg 
that “respiration is therefore a combustion, very slow certamly, but perfectly 
similar to that of carbon ” The movements of the animal did not affect the 
measurement Thus when all movement had ceased the only lastmg change 
was the production of a certam quantity of carbon dioxide and the meltmg 
of a certam quantity of ice In a noteworthy letter to Black, Lavoisier dis- 
closed the results of later e^qienments, from which he concluded that the 
oxygen consumption of a man vanes with the temperature of the room and 
his own activity At 26® C he foimd that a man consumed 24,000 c c of 
oxygen per hour At 12® C he consumed 28,000 c c Durmg exerase he 
might consume as much as 80,000 c c In any case the final result measured 
as the ratio of a certam amount of carbon dioxide and a certam quantity 
of heat was practically constant 

The dose personal relations between the leaders of Scottish saence and 
Bnghsh mdustry durmg the formative penod of the Industrial Revolution 
have been emphasized for a special reason Books which adopt the senal 
obituary method of exposition m dealing with the history of saence are apt 
to dismiss the significance of parallel developments m theory and practice 
as mere comadence The emergence of the energy prmaple m modem 
saence exhibits the mteraction of theoretical discovery and its practical 
applicauons both m the character of the major problems and the personal 
affiliations of the pimapal actors Watt’s mvention was made possible by a 
certam level of theoretical knowledge It is hardly too Tnii< ^b to say that 
Lavoisier’s experiments were the mescapable sequel to its economic 
exploitation 
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Boulton and Watt nad overcome the prevailing prejudice against the 
steam cngme b> a cunous device for marketing their produce While the 
patent remamed m force the purchasers agreed to pay a premium represent- 
mg a one-third part of the savmgs m fuel effected by replacmg the New- 
comen by the Watt model Hence the profit of the partners was directly 
based on the costmg of power production The arrangement is thus descnbed 
by Dickmson (Mattkezo Boulton) 

There are very few cases where a simple replacement of a common engme 
by a Watt engme took place and actual measurements coald be made, because 
usually the new engme had to pump more water or it had to pump from a 
greater depth than the old one, then, too, the mme for whch it was wanted 
might be an entirely new one To establish a standard of companson two 
common engmes at Poldice Mine were agreed upon as average and a small 
committee made the necessary tests It foimd that the ^Muty’* which is the 
Cormsh way of expressmg the performance of an engme and meant the number 
of poimds of water raised one foot high per bushel (say 91 lb ) of coal, was seven 
milhon The load on the piston of the common engme wnen performmg its best 
was 7 lb per sq m , while Watt’s engme did its best with a load of 10} lb In 
other words, to do the same work the Watt engme was smaller than the common 
engme m ratio of 3 2 Watt drew up a table of sizes of his engme with corre- 

spondmg sizes of common engmes and the appropriate figure was inserted m 
the agreement that was entered mto To calculate the savmgs, it only remamed 
to measure the coal consumed and the quantity of water raised The former 
was already done on the Cornish mmes, because by an Act of Parhament of 
1751 a drawback of the duty on exported coal was allowed on all coal con- 
sumed m the pumpmg there To measure the water pumped, knowmg the 
diameter of the pump barrel and the stroke a figure could be calculated givmg 
the weight of water m pounds dehvered by every stroke. It was finally necessary 
to coimt the number of strokes and this was done by a mechamcal counter 
fixed to the beam of the engme m a locked box to prevent it bemg tampered 
with Boulton got the idea of this counter m 1777 from a pedometer, made 
by a firm of Wyke and Green m Liverpool, and made some of them himself at 
Soho This method of chargmg by royalty or premium as Watt terms it, was 
qmte fair because the adventurers only paid so long as the engine was workmg 
If the mme closed down payment stopped However, the method of calculatmg 
the premium was not too readily grasped and much to Watt’s chagrm, although 
probably to Boulton’s secret sausfaction, the partners had to give way m favour 
of a fixed pa 3 nnent annually for each engme accordmg to its size 

The experiments of Crawford were thus a laboratory model of the new 
task which mdustry was undertaking on a larger scale Boulton, says 
Dickinson m his recent biography, — 

states It succmcdy towards the close of the partnership m a letter to James 
Watt, junior, thus (B and W Coll 1796, November 28th) 

One bushel (84 lb ) of Newcastle or Swansey coal will — 

(1) Rise 30 million lb of water 1 foot high, 

(2) Gxmd and dress 10, or 11, or 12 bushels of wheat accordmg to the 
state of It; 

(3) Turn 1,000 or more cottxm spinning spmdles per hour, 

(4) Roll and slit 4 cwt of bar iron mto small nailor’s rods, 

CQ Do as much work per hour as 10 horses 
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THE AIECHANICAI EQUIVALEHT OF HEAT 

For several reasons Lavoisier’s work was a tuming-pomi in the history of 
hiiman culture Saence had travelled a long road since amnia was at once 
common breathy the human spirit^ and vapours matenahved m the retort 
The changes which occur in the hving organism were now seen to be i elated 
to changes m the physical world m the same way as similar changes in non- 
hvmg machmes When Lavoisier’s man took exercise, he performed mechan- 
ical processes. When these had ceased nothmg remamed exc^t the fact 
that the temperature of the air had been mcreased and more food had been 
used up as fuel The mcreasc m temperature illustrates the general fact Wilh 
which we are sufQiaently famihar m an age when motor bicycles are apt to 
overheat Mechamcal work produces heat just as heat produces change of 
state or chemical decomposition results m heat By measurmg the net result 
m calories, Lavoisier apphed to the workmg of the hvmg machme a new 
physical prmciple which is the fundamental basis of modern machme 
design 

To make the best st e am engme we want to know how to get as much 
work as we can out of the least quantity of coal A standard of eflSiciency 
therefore entails knowmg how much fiiel is required to produce a given 
amount of heat, and how much heat is used m gencratmg a certam amount 
of mechamcal activity It might seem an obvious step to ascertam the second, 
once the first had been taken The subsequent course of events shows that 
what was obvious to the workmg tedimcian was not obvious to theoretical 
saennsts tramed m the Newtonian tradition After the first researches of 
Crawford and of Lavoisier and Laplace nearly half a century elapsed before 
the ‘‘rdechamcal cqmvalent” of heat was actually established 

There were several reasons for this delay. We are remmded of one of 
them by the way m which we still speak metaphoncally of the ^‘flow of 
heat” Eighteenth-century saence was simultaneously growmg out of a 
behef m three very influential spooks, two of which, amma and phlogiston^ 
have been mennoned. A third, which has not been mentioned, is calanc 
or heat fluid Calonc passed out of bodies when they were cooled, as phlogiston 
passed out of bodies when they burned, or as amma passed out of the lungs 
and the contents of the retort Between a century which believed m calonc 
and phlogiston and a century whidi studies energy transformations and 
chemical reactions there is all the difference between the viewpomt of the 
engineer who is busy changing the world and that of the philosopher who is 
content to ‘"mterpret” it. Just as spints contmued to preside over ferment- 
ation after they had ceased to ftmction m the retort, calonc continued to 
clog the considerauon of changes mvolving the application or production 
of heat for three-quarters of a century after Bladk’s work 
Concepts like phlogiston, calonc, and the personal Deity of hberal theology 
behave like the cat m Alice in Wonderland The smile lingers after the cat 
has passed out Black’s latent heat, Lavoisier’s experiments on exercise, and 
Pnesdcy’s work on the calcination of metals, aU telescoped m tibe three 
decades preceding the French Revolution, mark the final dissolution of 
Aristotelian a n i mis m in the natural sdences when the stage was aheady set 
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for an J reawAenm^ n v^hich cleiicalism received a far more 

severe assaul'^ it had su 3 ered iLe Rcfonncton Capitalism was 

recovering ihe adventuroi^s hopefuliess accontpsjcrieci tl^e fotmoatioQ 

of the eari^ contmcnLal academies and the Co^^egc Sci^:ice more 

slowly extricated itself J:‘e sca%ld-ng of lOiT denvea from a 

pie-cMsting teciinolog:5^ nach ^-0\,\tec no costing 

the available soorces of po^er 

The cnalog3 betv^een v 2 iCi.-poTe^ ^cd u».ec-r-pot projuctoji a 
usexm way of drawing attenion Lo cuin^itz^z s-^c du ce m^asiren d* 
we expect to see how one ^^'comrniitaoie edect ^ com^-c^ed ^ Ji oncJier 
So wc may pause at thiS point to compoie tns mc^Vwi-we-ne’iiis ra-cL cjSecr 
the total mecjianical activity lesiJtmg Loni r 2ow of ^ ate*. wi*n meas ts 



Fig 293 

Temperature gradient along a bar of metal when heat is ‘^flowmg 


that aifcct the final temperature reached when a source of heat is apphed 
In studjnng thermal equihbrium we encountered two kinds of measurement 
which enter into the final result Analogous measurements enter mto prob- 
lems connected with mechamcal work 

When two bodies at different temperature are brought together, the one 
at higher temperature is cooled, and tihie one at lower temperature is warmed 
until both have the same temperature The existence of difference of temper- 
ature alone is therefore concerned with the power or potential of the constitu- 
ents of a system to undergo thermal change If two reservoirs containing 
water are connected water sinks m the one at higher level and nses m the 
one at the lower level imtil there is the same head of pressure m each, 
1 e till the level of water in both is the same Difference of level is therefore 
the only factor which we have to take into account, and represents the 
potential of change. The analogy between temperature and pressure head 
or watfcr level can be illustrated m another way, if we take into account a 
very important but not very familiar fact about the flow of fluids If we heat 
one end of a bar of non bon^ with holes for thermometers at r^;ular mtervals 
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along Its lengths we observe a continuous drop m temperature from the 
heated end to the opposite end, until both are brought up to the temperature 
of the source of heat We then say metaphorically that no more heat flows 
(Fig 293) Similarlys if water flows oat of a leseivoir with a horizontal 
duct, havmg a senes of upnght tubes m its courses there is a conunuous 
fall of pressure head along the length of the duct so long as the water contmues 
to flow (Fig 294) 

This property of flowing flmds is a very important one, partly because it 



C 


When water flows along a iuhe thci e is a. fall 
of pressure along iivi length of ih& tube 
Fig 294 

Pressure gradient along a tube of water which is “flowing ” 

CA tap closed, B tap open— water flowing, C equihbnum reached— flow ceases 

may help you to see how the heat fluid metaphor suggested itself to people 
who were more femiliar with the use of water power we are, partly 
because it is still more helpful m explaining why the same metaphor was 
mtroduced to describe the electric ‘‘current,*^ and partly because of its 
unportance m connexion with a biological phenomenon which was bemg 
smdied m the eighteenth century for the first time As most of you know, 
blood spurts from the thick walled vessels called arteries which lead it away 
rom the heart to the tissues and trickles from the thin walled veins which 
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lead it back from the tissues to the he'^rt If tne arten’^ or vena of an anaesthet- 
ized animal is connected ^itn c* ctessure gauge (or ** nianometer”^ the 
pressure regtsteied hy the arteria^ blood is macn higher than that of venous 
Dlood In man the pressure of ai renal blood ^h*ch mstf^sares the force of 
the ueart’s action is about 110 mm of meicor} That of venous blood is 
rarely more than 5 mm ^ ard may sink belcw T^^is fict, v hich is simply 
due to tne ‘Resistance” of t-re long distance tb-ougii .ihicn the blood travels 
m the ininiite vessels (capillaries) of the tiLs^iCS the use of the 

pecrihar valves like Vvi’tch pockets (Fig 244) v hich occir in the course of 
veins and are absent m aneries ^ hen there is a back pressure in the \ eins 
the valves prevent the blood from being sucked a^ay 3:om the hearty and 



Fig 295 


When water flows between two reservoirs at different pressure heads (P), the final 
head of pressure (F'i depends on the quantity of water in each reservoir as veil as on 
the difference of pressure 

ensure that it only moves forwards towards the heart The investigation of 
the pressure of blood m the artenes has led to important discovenes about 
the properties of drugs whidh act on the heart or the muscular coats of the 
blood vessels, and has also led to useful methods of diagnosis 
The second kind of measurement mvolved m heat changes has been called 
heat capacity If we are only concerned with one kind of substance this is 
proportional to mass The relation of mass to thermal equilibrium is shown 
by the tune taken for a body to cool and the final temperature reached 
when substances at diflferent temperatures are mixed The tune taken 
for a reservoir to empty depends on its capacity, that is to say the 
volume of fluid in it, and lie illustration above ^ig. 295) shows that 
if two reservoirs of diflEerent capacity are connected the final level of water 
does not dspend merely on the initial daflFerence of pressure head If the 
volume of water m the two reservoirs is diflS^ent, the same difference of 
pressure may produce diflferent results according as the reservoir at lugh<^r 
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potential has higher or lower capaaty Whether 't.z are dealing vvitii heat 
or the flow of a fluid thus find cJ-'scec of er:3er* winch 

affect the end result One, potentioly wi^ch is the tcirporji-ure Jifierence 
involved m a heat change, determines the pusbibaity or dircorcn of die 
change The other, capa Hy^ vhich is simply volume vhen we «re dealing 
with the flow of a fluid, determines the time taicen for me change to happen 

As long as we are studying the times taken for difierent quaaaties of tne 
same substance to cool or the final temperam^e leached, wb^^n difierent 
quantities of the same suDstance at diffcient temperatures are mued, tne 
only thin g which affects capUi,ity for thermal change is mas^ As long as v^e 
are dealmg with the flow of one and the same flmd between two rescivoiis of 
the same dimensions, the onl^ thmg which affects the final level or pOLcnual 
IS the imnal difference of hetgf i li we want to calculate the result of mixjig 
different substances at different temperatures we have to take mio account 
the fact that a pound of iron is only equivalent to about one ninth of a poimd 
of water So we make all our masses comparable by mtroducmg a standard- 
izmg factor “specific heat” s If we want to calculate the equihbnum between 
two reservoirs contaimng different fluids we have to take into account the 
fact that a water column 13 feet high is equivalent to a mercury column only 
1 foot high, and a column of water at the top of a moimtam does not exeit 
the same pressure as the same pressure head of water at the bottom of a 
mme So we make all our measurements of height comparable by introducing 
two standardising factors, density (d) and Thus standard pressure head 
or potential is hdg (p 379) 

Corresponding, therefore, to the potential-capacity product which 
measures loss and of heat, the potential-capacity product which may be 

used as a measure of change m power to drive water out of a tank would 
be © X hdg IS mass, v X and the product is therefore hmg 

We have already seen that this is the commonsense way of measmmg work, 
smee work done is greater or less according to the weight of the load (mg) 
and the distance (h) through which it is lifted So if we are lookmg for a 
connexion between heat and mechamcal activity, the product mgh suggests 
itsdf as a comparable measure of the latter. 

In the Enghsh system of weights and measures there are two umts of 
force, and consequently two umts of work One umt of force is called the 
poundaly and is the force required to give a mass ot one pound an acceleration 
of 1 foot per second per second When falling ficeely to earth, a mass of one 
pounS (m = 1) has an acceleration (g) of about 32 feet per second per second 
Hence the puihng power of a suspended “weight” of one pound is approxi- 
mately 32 poundals. This is sometimes spoken of as a force eqmvalent to a 
pound toetght Two Bntish umts of work are used alternatively. Takmg one 
poundal as the umt of force, the umt of work is one foot-poundalj, i e the 
work done when the pomt of apphcation of a force of 1 poundal moves 
through a distance of 1 foot m the direction of the force It is more usual to 
use iho foot-pound^ i e. the work done m raising a mass of one pound through 
1 foot against gravity, or the work done by a one pound “weight^' m falling 
through I foot under gravity The force is then 32 poundals acting over one 
foot. So B2x foot-poundals are eqmvalent to x foot-potmda (c g, 24,900 foot- 
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Doondr^ls -s apprc^LiXLC^ei} Lre same as 7"S ibot-poonds) In the international 
system^ tne offeree «s czo A feicii cf cue dyme imparts an accelera- 
tion o-' i err per sec ^ec tr l Tne cf v ork, tne is the work 
done V hen tLe point of 2 cf -i force cf one d^^e moves through a 

distance of one C'^nt^ime^e m Jhe mrecij.cn cf ure ferre Smee g iS appro^- 
mateiy 381 cm percec- c.r cec- a ^e.gh. efene "i^ojiarn falLng through 
a metre perforins l^'^'CO ^ 981 ^ Ix/0 eigs 

just as mecnamcal acn’f res* \s m a of lempeifiwre^ pressure on 
an elaSciC or on .u e o SuOn a c^nnee re »ised ».o e^pei a fluid 
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^^ork = liWd ! 

/feat = ) 

Fig 29S — SiiviPLiFiED Diagram of Jouue’s AppARATbS to find the Mechanical. 

Equivalent of Heat 

The paddle creates heat by fnetzon with the water m a cylinder If mis the equivalent 
mass of water (i e weight of water -|- (weight of metal) X specific heat), ti the initial 
and ti the final temperature, the heat produced is mCt^ — ti) The work done by the 
fallmg weight W, if ^owed to fall or made to nse n times through a distance is nWd 
The mechimeal equivalent of heat is the rano of the two 


It does so by dimimshmg the effecuve content of the bag or cylinder If 
the rise of temperature which accompames j&iction is stnctly comparable 
with the expulsion of a material flmd, mechamcal activity must therefore 
exert its effect by lowering the thermsd content of the substances heated 
In one of his earhest experiments Davy put this to a decisive test This test 
depends on the fact that heat must be supplied to change ice into water at 
the same temperature, i e the heat content of any mass of water is greater 
than the beat content of the same mass of ice When two pieces of ice are 
rubbed together vigorously water is formed at the surfaces where fhction 
occurs Descnbrngsudianexpenment, Davy says. 
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The fusion took place only at the plane of contact of the two pieces of ice, 
and no bodies were m friction but ice From this experiment it is evident that 
ice by friction is com erred into water and accordmg to the supposition that 
heat is a material fluid its capacity is dimimshed, but it is a well-knov n fact 
that the capacity of water for heat is much greater than that of ice, and ice 
must have an absolute quantity of heat added to it before it can be com erted 
mto water Fiiction consequently does not diimmsh the capacity of bodies for 
heat 

Davy ga\e the commumcation m which these words occur the sub-title 
“calonc does not exist ” Theoretically there was now no obstacle to the 
recognition that a measurable amount of mechanical work is connected 
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Fig 297 — The MEcaiANiCAL Equivalent of Heat 

Tube rotated quickly through 2 right angles (lead shot remains at end of tube) 
Wait a few seconds for lead shot to fall to the bottom of the tube This procedure is 
repeated, say, 100 times If his the height the shots fall. 

Potential Energy of shots at top of tube = mgh 

= iGnetic energy of shots when fallen 
This Kmetic Energy is used up m heatmg the shots 
If initial temperature of lead shots is t and final temperature of lead shots is T and 
specific heat of lead shots is 5 Then 

ms(T — 0 ~ Heat generated 

Total amotmt of Kmetic Energy used is 100 mgh 

Energy disappeared _ 100 gh 

Heat generated ^(T — r) 


Medbiamcal Equivalent of Heat 


with a measurable quantity of heat as a measurable quantity of heat is con- 
nected with a fixed weight of food or fuel The first accurate experiments 
which led to the determination of a fixed ratto of the heat product, le 
m^(T — f), to the work product (fngh) were not made till forty years later* 
A simphfi^ form of the apparatus used by Joule m his experiments published 

work done 

m 1843 IS shown m Fig 296 Joule showed that the ratio ; ; -z is 

heat produced 

constant, oneB Th U bemgapproxunatdiy equivalent to 24,700 foot poundals 
Taking^ as 32 ft per sec. per sec , this is the amount of work done m ramng 
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772 Ib one foot^ or 1 lb 772 feet * In the international system 1 calotte is 
eqmvalenc to approximately 42 million 

The accurate determmation of this ratio has smce been made with various 
methodsj some direct^ otners mdirect A simple and airect one which gives 
remarkably constant tesuits is to place a v eighed amount (wi) of lead shot 
in a closed cylinder of known length (Fig 297) The cjlmder is mverted 
quickl> several tames so that the shot falls vertically to the bottom each 
tune through the length of the tube (Ji) If this is done n times the total 
work done is n(ptgh) The temperature of me shot is taken immediately 
before and after If Ae use due to friction is and the specific heat of lead 
is taken as 0 03^ the amount of heat gamed is 03 m) The mechamcal 
equivalent of heat (work done — heat proauced) *s then ^igh ~ 0 03 / 

THERMODYNAMICS AlU) THE NEWTONIAN SYSTEM 

Today we look upon Joule’s determmation of the mechanical eqmvalent 
of heat as the cornerstone of '‘thermodynamics ” Thermod 3 namicS:, which 
has now superseded the mechamcs of Newton^ is the queen of theoretical 
science The position it occupies was not won bv disco\enes made withm 
the fiamework of the pre-existmg social culture The researches which led 
to the determination of the mechamcal eqmvalent of heat were directly 
prompted by new social lequirements, and the leaders of contemporary 
theoretical science were extraordmanly reluctant to explore their impli- 
cations Indeed, the Royal Soaety refused to pubhsh the greater part of one 
of Joule’s most epoch-makmg contnbutions 
The mechamcal science which Newton’s generation developed was not 
primarily concerned with how power is generated It derived its fundamental 
prmaples from the “simple machmes,” i e devices like the lever, the pulley, 
and the mclmed plane, for distnbutmg the power supplied by human effort, 
and from the dock, which moves very slowly, generates very htde heat by 
friction, tdls us when to start work, but does not do our work for us It was 
less concerned with movement on our own earth, as when the motor engme 
gets over-heated by the movmg contact of sokd matter, than with move- 
ments of celestial bodies through empty space In <x>ntradistmction to thermo- 
d 3 manucs which deals with the relations of different t37pes of change m the 
physical world, Newton’s mechamcs was parochial Its measurements were 
restricted to motion' It did not oincem itself with the measurement of 
systems which have other charactenstics — ^hght, heat, electrical changes, or 
chemical combmation — and it did not deal with tib.e mterconnexions of 
measurements appropriate to systems which exhibit them In Newton’s 
time the primary sources of inanimate power, wmd and the flow of water, 
had not made fiiction an important techmcal problem 

Newton approached the problems of mechanical equihbnum from the 
standpomt of the means adopted rather than the total result achieved* That 
IS to say, the primary umt of mechanical measurement was force rather than 
work Thermodynamics i$ the system of mechamcs m which all equations 

* According to the best modem determinations one B Th XJ is equivalent to 778 
foot-pounds of work, or about 25,000 foot-poundals takmg the more accurate value 
of 32 2forg 
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of mechanical equilibnum are based on the equivalence of heat^ mechamcal 
and other changes expressed as the product of two measurements^ a potential 
and a capacity In Newton’s mechamcs all the emphasis had been laia on 
the measurement of potential The difference between the Newtonian stand- 
pomt and the modem outlook mav be seen by lakmg the prmciple of the 
lever as an example The condition of equihbnum is wd == WID (p 245) 
This may be expressed by saying the “foice of gravity ’ actmg on each 
weight is mversely proportional to the distances separatmg them from the 
fulcrum Alternatively we may translate it by saymg that no work has to be 
done to produce a shght displacement (see p 249), smee the work done on 
and by the system balances 

It might seem that this is merely a matter of words^ as mdeed it would 
be if the prmaple of the lever were the only prmciple of mechamcs and if 
the only kmd of motion which is important to measure were the motion of 
planets through the vacuum of space Actually we hve m a world m which 
wastepaper falls towards the centre of the earth at a demonstrably slower 
rate than a cannon ball Its retardation is not associated with buoyancy, but 
with the large surface it presents to the air In Newtoman mechamcs the 
surface offered resistance to another ‘"force,” the force of friction Similarly 
the fact that no thin g we ever see movmg on earth contmues to go on movmg 
for ever m a straight hne w^as squared with the way m which Neivton stated 
the prmaple of mertia by assertmg that the actual environment m which 
It moves generates a force of friction which opposes its contmued motion 

You must not imagme that this was merely an attempt to dodge the fact 
that wastepaper falls more slowly than cannon balls, or that the best bilhard 
balls do not go on for ever movmg m a straight hne on the smoothest bilhard 
table m existence, Newton and his followers earned on experiments to 
estimate the loss of effective gravitational acceleration on account of surface, 
and showed how it vaned with the speed as well as with the surface area 
of a movmg body They estimated how much gravitational acceleration a 
body shppmg down a slope loses on account of the roughness of the surface 
by the lirmtmg angle of tilt at which any motion will begm So likewise 
Newton’s mechamcs represented a rotational movement like that of a fly-wheel 
as the action of a couple^ i e two equal forces actmg m opposite directions at 
equal distances on either side of the axle, as m the problem discussed on 
p 663 m connexion with the deflection of a magnet Newton’s mechamcs did 
not deal with the heat of the boiler which gives the axle the power to move 
The difference between Newtonian mechamcs and the system of mechamcs 
which has more or less replaced it hes in this Newton and Galileo did not 
seek to relate the measurement of motion to the measurement oj tJie heat 
produced when motion is stopped Though they knew as well as we do that 
heat always accompames “friction,” they did not clearly realise that the 
production of heat is what deades the loss of work potential or force when, 
as tbeiy would say, a force of fnction is actmg, StiU less did they see that 
there might exist a numencal eqmvalence of mechamcal activiiy lost and 
heat produced if both are measured m the nght way, 

Imagme a car weighing two tons when put into neutral gear at 30 miles 
an hour (44 ft, per sec.) and running to a standstiU after coveting 200 yards 
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(600 reet) iz* inc ^jUlcs Jhc of L^e car is opposed by a 

force o" frict^ou - is mcras-tr^ct ^3 :Le product of its mass C tons (or 
^^^480 lb ; snd on occtl^^cnon Ji »-ae cL^-ect-o* opposite ;c its monon Tins 
acceierctxon losf, (oLr:® Tne velocity lost is 44 feet 

per seconc. Tne cjrrf- c’;c (His^ance t.a ercea^ — (zneaL. speed) Smce 
d. 3 tc -ice 0 xn j Tec . JL ^ necn ♦ -it* 44 -i- C) = 22 ft per sec , 
tne LuLae ciop 0 — 22 reverie 3c ihe acceleration is 


" j o j yj — it p^^-r ^<wC per cec 
and o-e lores of ’ 5 

coc 


Tin' -s> tbs fcice req 114.C *0 stop tue wur Ksvin^ -o*uia Xewtoman 
physics can only sh 3 ^ now a£ n connecced 'Titb the geometry of the environ- 
ment m which the cri moved 

Thus v^e may begin by dissectmg it mto *To* " v hicn ar^se from the 
coQcA^ct of the car ith the air, Wxth its beaiiugs, ?iaa ^Vxth the smface of the 
road We may, for mstance, connect the air resistance with the shape of the 
car by e\penmcntmg at the same mmol speed over the same stretch, and 
smce onr object is to enconntei the least resistance, we might use the informa- 
tion to get the oest stream-lines The fhcuon of the bearmgs, road, and tyres 
arises from the shape and matenal of the sohd surfaces at which movement 
occurs Friction along rough surfaces was measured in Newtoman mechames 
by applying the prinaple of the mchned plane. Accordmg to the prmaple 
of mertia a body should move downwaids if the sur&ce on which it hes 1 $ 
tilted to the least extent from the horizontal position Actually it is necessary 
to tilt It through an angle a before it begms to shp down. The force of 
Its descent would (p 2o7) then be mg sm a, if there were no friction, and 
smce It does not move tdl it has reached the position m which gravity exerts 
this pull down the plane, we may take the force itself as a measure of the 
greatest frictional resistance m such circumstances 

So far as it goes this device is a useful one It breaks down when we need 
a balance-sheet of the running costs of a car We are then forced to adopt 
the alternative standpomt, imphed m the statement that mechamcal ^‘energy’’ 
has been converted ihto heat To measure the mechamcal activity which has 
been lost, we have to consider what work would have to be done to keep up 
motion at the same rate, i e. brmg the speed from 0 to 44 ft. per sec over a 
distance of 600 feet This would mean accelerating at (41 x 22) — 600 ft per 
sec per sec The force required would be 


4,480 X 44 X 22 
600 


poundab 


So the work done m Bndsh units would be 
4,480 X 44 X 22 


600 


a 480 

X 600 == --5 — X 44® foot-poundals 


2 
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Thus you will notice that repiesents the number of units of wors 

which disappear when the velocitj of a bodv of nass m changes from v to 0 
Smce 77S ,< 32 or about 23,000 foot poundals represent 1 B Th U , tius 
means that the amoimt of heat generated lo 


or in calones 


t 4S0 X 4^2' 
2 X 23,000 


BTh L. 


4,480 X 44 a X 252 
2 X 25,000 


This beat {q) which corresponos to the mechamcal activity gamed m brmgmg 
the speed of the car from 0 to 30 m p h comes from the combustion of a 
measurable quantity of petiol If we know how much heat (Q) the com- 
bustion of the same quantity of petrol produces when no mechamcal work 
IS done, we know what fraction (§ — Q) of the petrol is used up m producmg 
mp rhgnical acuvity This fraction IS called the Efficiency of the engme 
The fracuon of fuel (Q — ?) — Q which does not result m domg honest 
w'ork is used m heatmg up the engme, and repiesents the wastage 


KINETIC ENERGY AND MOMENTS OF INERTIA 

In the numerical example just given it was noaced that the work done 
m impartmg a velocity u to a body of mass m movmg m a straight hue is 
Jnw® That this is generally true is easy to see The work done by the force 
(F) apphed to achieve the result over the distance d through which the 
body 18 impelled by it is Fd If the acceleration imparted is a, this mad 
The distance d is the same as the distance through which it would move 
at uniform veloaty eqmvalent to its mean veloaty over the period The 
mean veloaty = ^(0 0) = ^ Hence d = and 

¥ .d = m jU d—m a \vt 

In the tmic t taken to move through a distance d starting wnth zero veloaty 
the veloaty gamed is u, and the acceleration (a) is v — /, so that 

F d — \Tm^ 

The possibihty of makmg a balance-sheet of heat and work megns that 
this quantity (called the hnettc energy of a movmg ''body) represents the 
work done m makmg a body at rest acquire a veloaty if no heat is produced 
m Its motion It is also the work which could be done if no heat were lost by 
a body movmg with veloaty v m the mterval during which its motion is 
bemg arrested For instance, if a mass of one hundredweight (112 lb ) 
moves with a veloaty 10 ft per sec , its kmetic energy is 

112 X 100 ^ ^ 

2 6,600 foot-poundals 

If no heat were produced it could draw up a weight of 10 lb through a 
haght of about 17J feet, smce the work done m raising 10 lb. through a 
vertical distance 17| feet is roughly 10 x 32 x 17J = 6,600 foot-poundals. 



The Dark Satanic Mills 


609 

Moaons of tlus kind are raie So the expression \mv^ for the kinetic energy 
of a mo\ mg body is not of much practical use as it stands However, it can 
be readily adapted to othei problems which have to be solved m engmeermg 
For mstance, we can aaapt it to the problem of hovv much “energy*^ is 
stored m a flywheel wlien spmnmg at a paiticular speed Here we have to 
deal with motion m a curv’ed path The legend of Fig 298 shows you that 
a mass m rotating at the end of a strmg ( or thin spoke} of neghgible weight 
and length ? has a kmetic energr> 



The kmetic energj’^ of n fl5rvv72ieel can be regaraed as the stim of the kmetic 
eneigies of all the particles of which it is made up Tae Kinetic energy of each 



Fig 298 — Kinetic Energy of a Smaix Rotating Weight 

If a compact body of mass m rotates at fixed speed s at the end of a piece of string of 
length r, makmg one revolution m T seconds, 

s =» 2wr — T 

If the strmg is cut, the body contmues m a straight Ime with velocity s, numerically 
equivalent (p 273) to its former speed, along the tangent grazmg its circular path 
where it was when ^t free If it moves m a straight Ime with velocity jr, its kmetic 
energy is iws® Smce no addiuonal energy is imparted to it, this must also be the 
kmetic energy which it^fias at any pomt on its curcular path Thus its kmetic energy is 

Df these IS half the product of two quanuttes (a) the square of 2'it — T, m 
which T IS the time of a complete revolution, and (U) mr^ So the total kmeuc 
energy is half the product of the quantity (a)^ which is fixed by the speed 
of rotation, and the sum of (6) The sum of all the quantities (5) is called 
[see Fig 299 (g)] the moment of mertta of the body about some specified axis 
of rotation It depends on its shape and on the axis chosen If we can describe 
its shape in geometrical terms we can calculate the moment of merua of any 
object, and hence its kmetic energy at any given speed of rotation 

u 
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It IS easier to do this for a long^ thm bar We shall first see how its moment 
of martia is calculated before tacklmg the more difficult case of the flywheel 
A bar may be looked on [see Fig 299 (Z?)] as if it were made up of thm slabs 
of equa^ volume^ otj what comes to the same thmg and is more simple to 
deal with, a string of beads whose consecutive centres are one umt of length 
apart If the bar swings about an a\is through its centre, and each of the n 
bead umts of mass on either side of the axis weighs m grams, the total mass 



The total kineuc energy of the two particles of mass and (a) at distances 
and rg from the axle of a rotatmg bar is 

•= i[Wir,* + 

For any number of particles it is 

i[»»xrx’ + + wjjf,* ][^]* 

The quantity Iwiti* + »K»ra* + fw,rg* ] is called the Moment of Inertia (I), 
and only depends on its shape How 1 is calculated for a bar iV) or a disc (a) like a 
fijwheel IS eicplained m the text 


v&2tnn— M, the mass of the bar, and the moment of merua on each side of 
the axis is 

(wi 1* 4 »i . 2® + iM 3® . . 4- »w n®) 

Or on both sides together 

2otC1® + 2® + 3® . . + M®) 

Smee the sum of the squares of the first n natural numbers is 

n(n 4- 1) C2m 4- 1) 

6 

and smee we can r^ard » 4- 1 and 2n 4- 1 as equivalent to n and 2n when 
« IS very large, i e when the umt of lengdi, and hence the mag** of 
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particle is very smali^ tne isst espiession can be taken as the same as w* — 3; 
so the moment of mertia (1 ' of the bsi 2jrrr — 3 Since 3A tie mass of the 
bar IS ana 2n is the nunber of ^jcLts of i e L^, this may be written 

and ihc kmetic energy of a of mass M lotating about a centre 
L iiDLLts of length from eiiiier ena is therefore 


3-JAL‘ 




We can laiiagme the parades of a simple arrangea m discs one 

particle chich^ closely packed If the particles of each oisc are arranged m 
concentric circles packed as tightly as possible, there vviU be approximately 
27Tn paiUcles m any circle separated by n parucles jH a straight hne fi.om 
the centre If there are R concentric circles, the total number ol particles is 

2i;t(1 + 2 + 3 , + R) 

Smce the sum of the mst R natural numbers is (R + 1), the previous 
expression is equivalent to ttR (R + 1) If the umt of mass is the mass 
of one particle, the total mass of aU the partides of a disc one la>er thick is 
also ttR (R + 1) If the umt of distance is the distance between the centres 
of two particles, the R concentric rmgs fill up a space bounded by a arde 
whose radius is R units of distance So R stands for the radius of the disc 
In any rmg separated by n particles from the centre, we have 2^^ umts 
of mass separated by n umts of distance from the centre of rotation So the 
moment of meina of the ring is = 2rrr^ Thus the moment of inertia 
of all the R rmgs which make up the disc is 


27r(V + 23 + 3® + R3) 

The sum of the cubes of the first R natural numbers is 

iR2(R + 1)2 

So the moment of mertia of the disc is 


I R**CR + 1)* = 7tR(K + 1) JR(R + 1) = ^RCR + 1) 


If R IS very large, R + 1 does not differ sensibly from R So the last expres- 
sion IS equivalent to JMR®, and the kmetic energy of the disc is 


All that has been said applies equally to a disc of any thickness. Taking 
(2ir)^ as ^pnmmatdy 40, the ^etic energy of a fi 3 r«rheel of unifonn 
thickness, ma™ M and radius R making one revolution in T seconds ts 

lOMR* -r T« 
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If a flywheel of mass 1 cwt (112 lb ) and 3 feet radius spms at 400 revs 
per mm 

T = 60 — 400 = 0 15 secs 

So Its kmetic energy is 

10 X 112 X 9 — (0 15)2 
= 448^000 foot poundals 

The actual vork done m raismg a weight of 1 ton through 61 feet is 

2,240 X 32 X 6 25 == 448,000 foot poundals 

If the flywheel spms m a closed space from which no heat could escape, the 
heat produced when all motion had stopped would be 448,000 — 25,000= 18 
B Th U (approx ) This would raise 1 lb of water through 18° F , or 10° C 
At room temperature it would bnng to the boil about 50 grams of water 


THE RATIONAL COSTING BASIS OF HUMAN WELFARE 

Thus the substitution of work for force as a measure of mechamcal activity 
enables us to complete the balance-sheet of runnmg costs, and form a clear 
picture of what economical power production mvolves For mstance, all 
the fuel which is used m the steam engme to brmg water from the temper- 
ature of the air to the temperature at which it boils is sheer waste, eliimnated 
m the mtemal combustion engme, which uses the mcrease of volume accom- 
pan 3 nng the oxidation of gas or petrol as a direct source of power High 
eflSaency of the steam engme itself imphes keepmg the cylmder as hot as 
possible, and retummg the water from the condenser to the boiler without 
lowering it appreaably below boihng pomt 
The history of the steam engme illustrates how **pure” and “apphed” 
saence are mutually dependent We have seen how Black’s work stimulated 
Watt In Its turn the rapid advance of steam technology revolutionized the 
prmaples of physics, m spite of considerable mema due to the prestige of 
Newton’s methods durmg the long mterval which elapsed between the work 
of Lavoisier and the first determination of the mechamcal eqmvalent of heat 
In his admirable book British Scientists of the Nineteenth Century ^ Crowther 
sums up the position at the time when Joule began his work m the followmg 
passage* 

In 1838 the words “energsr” and **work” did not have the same mcanmgs as 
they have today Young had defined ‘^energy” as one-half of the mass of a moving 
object multiphed by the square of its velocity. He regarded it mainly as a mathe^ 
mattcal function that assisted m the solution of problems m Newtonian 
mechames The theory of mecdianics developed by Galileo and Newton was 
based on the study of the motion of comparatively unresisted objects, such 
as heavy bodies through air, or planets through empty space. As their formulae 
had been derived from a study of motions that do not commonly occur on the 
surface of the earth they had a sort of disembodied quality, and when they 
h^pened to apply to such moticms, the application was felt to be acadmtal 
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rather than real The Newtonian mechanicians were also familiar with the idea 
of as the proauct of force and distance^ but agam mainly as a mathe- 
matical function They used this mathematical eqmvalence for solving 

tne problems of frictionless motion The idea ot ‘Svoik” as the product of the 
distance multiphed by the mean lesistance overcome^ and hence as a funda- 
mental measure of mechanical action, did not come from the study of celestial 
motions, but from entirely different sources This was natural, because no one 
was mterested m the “energy’’ or vis, viva of the planet Alars, for example, 
except as a mathematical function that assisted the solution of problems of 
solar motions It was not necessary to evaluate the ^^energy” of Alars m umts 
because the symbols melted away m the process of mathematical trans- 

formations of equations A knowledge of the “energy” of Alars is of no use 
except m the solution of mathematical problems It has no direct financial 
value The mtroduction of the steam engme for pumping and factory- 

dnvmg gave mechamcal action commercial value The mdustrial notion of 
“work” was of somethmg that determmed the quantity of production An 
exact measure of “w^ork” was essential to the formciation of tradmg m mechanical 
power Aiachme mdustry naturally ariived at a conception of work in terms of 
gallons of water raised so many feet m such and such a time, or of foot-poimds 
per mmute This was a tangible, saleable commodity entirely different from the 
abstract conception of the Newtoman “work’ done by the moon when it fell 
through a certam distance The “work” of Newtoman mechamcs and the 
“work” of mdustrial engmeers obeyed the same algebraical laws, but the 
constellation of other ideas respectively associated with them was profoundly 
different The engmeers described as “accumulated work” what is now familiar 
as energy They considered the work spent m overcoming friction as the 
measure of mechamcal power annihilated 

Before the first determinations of the mechanical equivalent of heat, the 
requirements of steam technology had already emphasized the need for 
a new approach to the measurement of mechamcal processes Watt, whose 
engmes were now required to do work previously earned out by animal 
power, earned out expenments with horses These ^cpenmenis showed that 
a horse pulled a 150-lb weight suspended from a pulley upward fiom a 
coalpit through 220 feet m 1 minute He deaded, therefore, to use as a 
umt of the rate at which an engine works the power to raise 150 lb through 
220 feet m 1 mmute This umt is called the horse power A force of about 
150 X 32 poundals is reqtured to raise 150 lb against gravity, and the work 
performed over 220 feet is, therefore, about 150 x 32 x 220 Bntish work 
umts (foot potindals) One horse power represents a working rate of about 
150 X 32 X 220 foot poundals per mmute 

Horse power must not be confused with efficiency It measures how 
qmddy we are converting fuel mto mechamcal activity, and not the proportion 
of fuel which is used to produce mechamcal activity An illustration will 
make this dear If we are told that the deficiency of a 10-h p automobile 
engme is 20 per cent, and that the combustion of 1 gallon of petrol produces 
144,000 B,Th U , these figures suffice to enable us to calculate how long it 
will take the car to consume any quantity of fuel The efficiency tells 
us that i X 144,000 *= 28,800 B Th U stands for mechamcal work per 
gaUon of petroL The mechanical eqmvalent of heat tells us that this is 
28,800 x25,000 foot poundals The horse power tdls us that 1,500X32X220 
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foot poimdals are used up m one minute So the time for which the en^ne 
can run at full power on one gallon is 


2X5800 X 25,000 
1,500 X 32 X 220 


= 68 minates fapprox ) 


Forty >ears after Dav^^s experiment on meltmg ^ce (p 603) physicists 
trained in the Newtoman tradition were still reluctant to relmqmsh the 
“pecuhar elastic fluid ” The first attempt to make a balance-sheet of heat 
produced as measured by the product — ^ 1)5 work done (mgn) 
in produemg it by mechamcal activity, was attempted by a French engineer, 
SaA Carnot In 1825 Carnot published the first theoretical contnbution to 
the efficiency of the steam engme Though he did not actually renoimce the 
calonc m this memoir, Carnot introduced a entenon of effiaency which 
unphes the existence of a measuiable relation between heat and woifc Perfect 
effiaency accordmg to Carnot’s view was reversibility If a mechamcal agency 
were applied to dri\e the piston backwards the heat produced m compressmg 
the gas should be just the same as the heat used up m produemg the gas which 
dnves the piston outwards in the ordinary course of events If less heat is 
produced when the engme is made to work backwards by applymg an external 
force, some of the fuel consumed m normal workmg is used to produce heat 
which is a dead loss 

Though Carnot himself made no attempt to assess the actual effiaency 
of the steam engmes m use, he made some estimates of the heat-work ratio 
m ordmary friction These were not published till the importance of his 
memoir was recognized about half a century later Meanwhile a German 
biologist Mayer, startmg from the similarity of combustion and respiration 
established by the experiments of Crawfoi^ and Lavoisier, had calculated 
what we now call the mechamcal equivalent of heat from physical data which 
were already in existence. To determine the specific heat of a substance it 
is necessary to heat it. If it is a gas this means that it will expand when firee 
to do so If the volume is kept constant it will generate pressure m excess 
of what IS exerted by the surroimding medium The amount of heat required 
to raise a gas to a given temperature, if it also does work (eg on a piston) 
by expandmg, is greater than the amount of heat required to raise it to the 
same temperature when its volume is kept constant At constant volume no 
heat IS b^g replaced by mechamcal work. So the specific heat of a gas 
which IS not allowed to expand is less than that of the same gas when it 
IS free to do so From Boyle’s law it is easy to calculate (see appendix to this 
chapter) the work done when a piston is dnven out by a measured increase 
of gaseous volume, and C3iarles’ Law tells us the mcrease of volume per 
degree. The work done when a gas is free to expand without mcrease of 
pressure by raismg its temperature through 1 degree centigrade can thus 
be estimate The extra heat which disappears when work is actually done 
can also be calculated firom the ratio of the specific heats at constant volume 
and constant pressure 

M^er stated his conclusion that a fixed equivalence of heat and work 
exists* m the following passage m a paper published (1842) m a chemical 
loumal. 
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Bv appl 3 nng the prmaples tvhich ha\e been set forth to the relations sub- 
sisting between me teTriperature and me \ cltime of gases^ we find that the smit- 
ing of a mercury column zr a gas *s compressea is equivalent to the 

quantity of heat set f^ee 01 ihs comprsssicn, and nencs u follo\\35 the ratio 
of the capacity for neat o" cir under ccnaiant p^sss^i^s and *ts capacit\ under 
constani. volume oemg ta*^en I 4i:l ihe arming of a given weight of 

water from 0® to 1® C corresponds to the lali of an eqnal weight from the height 
of about 365 metres If ive compaie 'v*th Hus result the working of our best 
steam-engmes we see how srnali a part orL> of me heat appLed under the boiler 
IS really transformed mto motion 01 Jae laismg of weights , and this miy serve 
as justification for the attempts at the profitable production of motion oy some 
other method t h a n the e'^enditure of the chemical deference oetween carbon 
and oxygen — ^more particularly by the transfonnauon mto motion of electricity 
obtamed by chemical means 

At Manchester his contemporary James Prescoct Joule ^as engaged m 
assessmg the relative merits of power production by coal and the only source 
of electric current used at that time A year before the pubhcauon of Mayer’s 
paper he had vmtten 

With my apparatus every pound of zmc consumed m a Grove’s battery pro- 
duced a mechanical force (fiiction mcluded) equal to raise a weight of 331,400 lb 
to the height of 1 foot, when the revolvmg magnets were movmg at the velocity 
of 8 feet per second Now the duty of the best Cornish steam-engme is about 
1,500,000 lb raised to the height of 1 foot by the combustion of a poimd of 
coal, which is nearly five times the extreme duty that I was able to obtam 
from my electro-magnetic engme by the consumption of a poimd of 2 anc This 
comparison is so very unfiivourable that I confess I almost despair of the success 
of electro-magnetic attractions as an economical source of power, for although 
my machme is by no means perfect, I do not see how the arrangement of its 
parts could be improved so far as to make the duty per pound of zmc supenor 
to the duty of the best steam-engmes per pound of coal And even if this were 
attamed, the espense of the zmc and the excitmg fiuids is so great, when com- 
pared with the price of coal, as to prevent the ordinary electro-magnetic engme 
fmm being useful for any but very peculiar purposes. 

Havmg determined the mechanical eqmvalent of heat. Joule found that 
the combustion of one pound of coal produces heat equivalent to 9,584,206 
foot poimds m work umts Most Cornish engmes of his time then realized 
about 1,000,000 foot pounds of actual work per pound of coal burned. 
Hence they realized only ‘*one-tenth of the tns vrva due to the combustion 
of coal/’ On comparmg this figure with animal work, he found that a horse 
eats 12 lb of hay and 12 lb of com for an average day’s work of 24,000,000 
foot poimds “From our own experiments on the combustion of hay and 
com m oxygen gas,” he wrote m 1846, “one quarter of the whole amount 
of vts vwa generated by the combustion of food m the animal ftame is 
capable of bemg apph^ in producing a useful mechamcal effect — ^the 
remaining three-quarters bong required m order to keep up the animal 
heat.” 

The social context of Joule’s work, set forth with vivid detail m Crowther’s 
illuminating essay, emphasizes both sides of the two-fold relation of saenttfic 
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theory and social pracace The new standard of engineering efficiency which 
Joule introduced has revolutionized the design of the heat engine, and 
abundantly justified his own assertion that ^^nothmg is more expensive 
than the endeavour to stumble bhndl> on an improvement or mvention ” 
Conversely it provides a dramatic demonstration of the fact that great 
theoretical developments arise in response to the requirements of everyday 
life, and occur when the scientist is m close contact with the world’s work 

Joule’s relation to the soaal life of his period is characteristic of the 
leaders of Enghsh science at the time Like Davy and Faraday, he was not 
a uiuversity man Like Priestley and Dalton, he had no official connexion 
with the teaching work of the umversities, which were at that time closed 
to Nonconformists, Jews, and Cathohcs These men were representatives of 
a new social culture The condition of the estabhshed order may be gauged 
trom a pamphlet written by Babbage m 1831 An mcident recounted m 
Babbage’s book The Economy of Manufactures (1832) is illu m i n ating 

The Duke of Sussex was proposed as President of the Royal Society m 
opposition to the wish of the Council — opposition to the public declaration 
of a body of Fellows compnsmg the largest portion of those by whose labours 
the character of Enghsh science had been maintained The aristocracy of rank 
and of power aided by such alhes as it can always command, set itself m array 
against the prouder aristocracy of science Out of about seven hundred members 
only two hundred and thirty balloted, and the Duke of Sussex had a majority 
of EIGHT Under such circumstances it was indeed extraordinary that His Royal 
Highness should have condescended to accept the fruits of that doubtful 
and inauspiaous victory The circumstances preceding and attendmg this 
singular contest have been most ably detailed m a pamphlet entitled A State-- 
ment of the Circumstances connected with the late Election for the Presidency of 
the Royal Society ^ 1831 

Crowther recalls the comment made by Joule when the Royal Soaety 
refused to publish his first paper was not surpnsed,” he said, ‘T could 
imagme those gentlemen m London sitting round a table and saymg to 
each other what good can come out of a town where they dme m the 
middle of the day?” Reference has already been made to the cultural life of 
Manchester at the beginning of the ninet^nth century m another context (page 
419) Living m Manchester durmg the years when Joule was mvestigatmg 
and expressing his views m pubhc lectures was one ma n who realized that 
the physical prmciple, so tardily recognized by Joule’s scientific contempor- 
anes, had an ultenor significance in human affair s Engels, a prosperous 
Manchester busmess man, who had lately completed The Condition of the 
Working Class^ welcomed the **work” conc^t as the beginnmg of a new 
chapter m the history of human knowledge, and as the only rational basis 
for costing the relation of natural resources to the common needs of mankmd 
m a rationally planned economy of human welfare His views attracted htde 
notice at the tim e. 

“The comprehensive hu m a n imagination,” says Crowther, “could not be 
nourished by Joule’s discoveries because they ^xang from poisoned social 
sources They arose out of studies of engines that been approprmted to 
the creation of private wealth matead an of dignity.** 
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Indeedj tne soc-.oiog:ai ^ pL^x—cns of tias energy balance-sheet, like 
Its bxological s-.g-ixiicoJ:.ce, before pn^sicists began to appre- 
ciate Its \al^e tne pe ^oc ^Al^en Exig*isii scientists \iere most keenly 

ali\e to the soc^n bosiS of sc-ent-^c cc^ancem nr, Sn: VJ'iUiam Petty, one 
of the fcundCiS of toe Liv*s^D^e Ccnege one ongmal Fellow of the Royal 
Society, wrote ' fV- ^ 

Our S— ver end. Gold s b^, £ct-.Lew a> m Hng^and oy pounds, 

shillings, and psnee, ad wnach os ana ^derstood b> either of the 

three But that h-ch J ’^cjLd sj 3 epon ^<5 *nj^cter is, that all things ought 
to be valued ov jwo naj*uu.d. Dsnonunauons wmen is Land and Labour, that 
IS, we ought to Stf j, a Snip or ent » or Jii such a xUvnsure of Land, with 
such another. me-'*sure of Ldoouc, toi as n-wCh as ooto Srups and Garments were 
tne creatures of Lands and m^ns. .^aooters tne^e».pcn 

Benjamin Frantdm^* who fearded Jie 'hrsiu American Ac5>aemj on the same 
model, wnote m the satne sense 

As silver itself xs of no ccruun permanent valae^ bemg worth more or lesjsr 
according to its scaicity or pient>, therefore t seems requioite to fix upon 
sometnmg else more proper to be made a measiue of values, and this I take 
to be labour 

The immediate influence of VC att’s experiments on sociological discussion 
IS seen m the foUowmg citation from Rooert Owen’s Report to the County 
of Lanai k written m 1S17 It contains a more exphat statement of the 
views which Engels’ collaborator called the Lcibour Theory of Value 

That the natural standard of value is, m principle, human labour or the 
combmed manual and mental powers of men called mto action And that 

It would be highly beneficial, and has now become absolutely necessary, to 
reduce this prmciple mto immediate practice It will be said, by those 

who have taken a superficial or mere partial view of the question, that human 
labour or power is so unequal m mdividuals, that its average amount cannot 
be estimated Already, however, the average physical power of men as 

well as of horses (equally varied m the mdividuals), has been calculated for 
scientific purposes, and both now serve to measure mammate powers On 

the same prmciple the average of human labour or power may be ascertamed, 
and as it forms the essence of ail wealth, its value m every arude of produce 
may also be ascertained, and its exchangeable value with all other values fixed 
accordmgly, the whole to be permanent for a given period Human 

labour would thus acquire its natural or mtnnsic value, which would increase 
as science advanced, and this is, m fact, the only really useful object of science 
*To recreate and extend demand m proportion as the late scientific im- 
provements^, and others which are daily advancmg to perfection, extend the 
means of supply, the natural standard of value is required To make 

labour the standard of value it is necessary to ascertain the amoimt of it m all 
articles to be bought and sold This is, m fact, already accomphshed and is 
denoted by what m commerce is techmcally termed “prime cost,’’ or the net 
value of the whole labour contained m any article of value — ^the material con- 
tained m or consumed by the manufacture of the article formmg a part of the 
whole labour. 

Cited feom Crowther’s American Men of Science^ 



6i8 Science for the Citizen 

THE ESSENTIALS OF THERAfODYNAMJCS 

Let US now sum up the change of saentific ouJook \vhich foilo"\ed tae 
Industrial Re\ elution Fiimitiv'e bcience classified changes wh^ch occur 
m the world b\ the eflects the)’ produce on our sense organs^ and aposuo- 
phized the source of such changes agencies such as hght which ^ e see 
with our eyes, heat which we feel on the skin, sound which w^e bear with 
the ears Where the sen^e organs failec to trace oot the sequence of cnange 
m the physical world, an earlier, pinrely animistic, view dominated the 
science of classical antiquity Chemi<^ changes were assigned to * spims,” 
the activities ot organisms to ‘‘will,'” ‘‘entelechy,” and the like Mechamcal 
changes (i e movement from place to place) produced by slave labour, or 
that of animals, received little attention While Aiistode^s documc that 
some men are bom to woik and others to enjoy leisure prevailed, theie w’^as 
no social urge to make an inventory of resources for diminishing irlsome 
labour 

In the transition period of the seventeenth ana eighteenth centuries 
various social influences conspired to emphasize the mterconnectedness of 
all natural phenomena The world was outgrowing Aristotle’s sociology as 
It had already outgrown Aristotle’s mechames In civilized countries human 
life was no longer as cheap as it had been m the avilizations of antiqmty 
The growth of an economy relying more and more on mechanisms which 
do not depend on the labour of human bemgs or beasts of burden demanded 
an understandmg of how to produce mechamcal changes m the most 
economical way In growmg out ot Aristotle’s mechames and Plato’s astronomy 
saence had also outgrovra their tdeahsm A more materialistic outlook 
among men of saence was not propitious to the survival of spintsy and the 
discovery of a third state of inatter banished spirits from the realm of 
chemistry altogether The growth of experimental technique side by side 
with mcreasmg reliance on mechanism m soaal hfe made it more and more 
clear that the agenaes to which we assign specific changes m one or other 
of our sense organs are not so distinct as they seem to be 

For instance, a source of **hght,” e.g a daylight lamp, can be recognize4 
without exerting any direct effect on our eyes* It can produce chemical 
daange m a photographic plate It can raise the temperature of a thermometer 
bulb coated with lamp black It can direct the movements of an msect, and 
force the green plant to manuiacmre starch. So soon as we measure ‘‘heat” 
we abandon the skm sensations of hot and cold and substitute a purely 
mechanical entenon — ^the length of a column of mercury Though w^e usually 
detect this by using our eyes, it would be qmte easy (if we were blmd) to 
construct an apparatus to register mcrease m temperature by the rmgmg 
of a bell * Experiment teaches us that sound is the way m which one of the 
sense organs detects mechanical movements of a certam type We can 
recognize the same movements with our eyes by strewing lycopodium powder 
in an organ pipe 

* As Air Chesterton smgs 

“A man eats clocks in Camberwell, 

A man plays billiards m the dark 
Entirely by the sense of smell, 

« « Bm cam of tlm kind are rase*” 
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A rrcoi jjt p-'jt.ji: iii.> ^^enge ca outlook w<is the 6tady of 

ccrnoasc^n, ^vJiCii oiciip^ea mren c^jteELiion in die dga of co-d power 
Wc-s -1C come lo b^j *-ei?jtn2ed as ore of the 

tf?a5S aTl c r sense oiganb Lie comp-oi* .^pe cf cnangc which 

we cre^j/Ui^i JL^ztug se^'erai sense orgeuLs u* vinet^ ^.f \\avbj. 

and il h^d bLComc importan.. to me:.stre hew mccii flame can be got from 
a definite quanaiy cf fuel Wnen we bcy uhst lieat> soizna^ e..ecmcit3j, 

or mot-O-i are Terms of Ox Jim a lamp, i no. ooctle, a coiled sprmg, 
a ioua speare-.5 or a dyraniOs ere 5^ £& oT eneAg^ ^rve rrean more lLal. the 

fact that we recognize light 07 ^ts efiect upon j jpreen pimt as ^eli as its 
effect upon our eyes, heat by the lengm cf ^ cc!imm of fioid as well as by 
our finger tips> sound by tne depth ^t^h-cL tie recorom^ neecie oi a gramo- 
phone makes on the unfilusnea recora, or an electric current by the movement 
of a magneL, chcnucal cecomposinonj ana jJit neut^ng ol a wue Besides 
this we mean tnat a/l the diopge^ •mhten ouur in t,he wmld^ hcv^erjcr they may 
he detected by ovr senses^ a/u related m a iLcy which we can measure^ tf we 
choose the right way of estiwaUrg il*e ar/tourt of change This relation is 
embodied m the two principles called the Conservation and Degradation 
of Energy 

The Law of the Conservauon of Energy or the First Law of Thermo- 
d 3 mamics^ which is the common principle of all the natural sciences, is usually 
expressed by saymg that when energy is destroyed m one form, it appears 
m a corresponding quantity m another form T^s is a metaphoncal way of 
statmg that m any sequence of changes which occur m nature, the amoimt of 
each of them is related to that of its predecessor m a fixed proportion In 
other words, we can make an mventory of the resources of mankmd for 
eliminating the necessity of physical labour In the laboratory the important 
steps which established the prmaple were 

(d) Black’s discovery of the Latent Heat of change of state, le that a 
source of heat can produce physical diange without rise of temper- 
ature 

(Jb) The discovery of the nature of combustion Crawford, and after 
him Lavoisier and Laplace, showed that animal heat or the heat of 
a candle flame alike bear a constant relation to the amoimt of oxygen, 
food, or wax used up 

(c) The deterrmnation of the mechanical equivalent of heat by Carnot 
about 1824, by Mayer, and more raaedy by Joule m 1841 This 
provided an exact theoretical basis for designmg the heat engme 

The prmaple of the Conservation of Energy (sometunes called the First 
Law of Thermo-dynaimcs) shows us how to xxiake an mventory of the social 
effiaency of man’s command over nature A human bemg is a source of heat, 
of mechamcal activity, and of the manufacture of new materials There exists 
a fixed relation between a given quantity of all three and the disappearance of 
a given quantity of oxygen m the body This is what we mean when we say 
that a diet must contain the equivalent of so many Calories for an mvalxd, 
or so many Calories for man domg hard manual work, and so many Calories 
fiDT a nursing mother. The law prescnbing that a cubic foot of gas must be 
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equivalent to so many theimal un*^s (calories on the Continent) is based on 
the same equi\ alence The fact that so inan3 isiijs of mechanioal v^crk (e g 
the rotation of a system of wheels) coricsponu to so man/ umls of heat means 
that if we use a certam quantity of heat to drive an engme we know the 
greatest possible amoimt of work wmch T^e con get out of it if M is the 
mechamcal eqmvalent of heat (m ergs per calorie;, and ergs of work are 

Yi' 

performed, the amount of work done is equitalent to ^ umts of heat 

(calones) If the quantity of coal or u-tiol corsi^mcd is eqm'valeni to H 
calones, the ratio of the amount of vvorir done to the total source of energy 
used up IS 

W 

MK 

This IS the effiaency of a heat engme, md the problem of economical design 
IS to make this fraction as near as we can to umty 
A speaal reason for measurmg any other kmd of change m equivalent 
umts of heat is that the destruction of any form of energy ultimately leads 
to the production of heat If a source of hght plays on a blackened surface, 
eg a thermometer bulb coated with lamp black, it produces no visible 
effect on the lamp black As hght it is destroyed In its place the black 
surface has acquired “heat ” The mercury column shows that it is warmer, 
if the thermometer is a sensitive one If a heavy wheel is set gomg and left 
to Itself in a closed chamber from which heat cannot escape, it keeps gomg 
up to a pomt However, the prmaple of mertia is only an approximate truth 
The wheel eventually stops. In the mechames of Newton this was expressed 
by saying that the mertia of the wheel is opposed by another force called 
Fnction This friction is only a name for the fact that the bearmgs and the 
aix aroimd the wheel are bemg heated up By the lime the wheel is brought 
to rest, a certam quantity of mechamcal energy (“kmetic” energy) has basn 
destroyed If W umts of mechanical work are required to stop the wheel, 
W 

umts of heat will have appeared m the chamber by the time it stops What 

will be the ultimate fate of the heat produced^ In either of these situations 
we could conceivably use some of it to do mechanical work, but we know 
no way of avoiding a certain amount of leakage 

In dealing with heat it is impossible to make a reservoir that does not 
leak What happens when a leak occurs^ In the long run the temperature of 
the surroundings rises imperceptibly, and the temperature of the ther- 
mometer bulb or the closed chamber falls till it is the same as that of its 
surroundings Thus we always seem to be losing a certam fraction of our 
resources for performing work In the steam engme all the coal whicdi is 
used to raise the temperature of the water to boiling pomt is so much waste 
of calones When this gross waste is reduced to a mmi m um the feet remains 
that the best lubneated wheels get hot, and some of the kinetic energy of 
the fl3rwheel and every other wheel m a feaory is being used to manufecture 
calones instead of caheo. 

This universal “degradation of energy** m no way conflicti with the state- 
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ment tna^ ene^g:, can-':. ..2 de^ Tcs fir^L irv. of tiermodynamics 

tolls U.S hov” canac. ^.c 'l. educe o^-e efedenge is nieasinably connected 

Vvitn capacm to pre^ ce . r jdee* Ir eiis us ^ neie theie is a limit to 
OUT efxoii-s xn cLesxgjamg c eiAi'''cai. engine Bupenence also assures 

us that can ne^ c*" cil^z „2ach .ns gca. A jL.ea. engine is a de\ice by which 
the difference of i-ed potenacii cd een _he o-ts.ae an and the boiler is 
com erted into r dif crence cf t poienw ac v^nen t v: eight *s lifted How- 
ever muen tror oie \^e tol^e wO j-.suic ie the jouc. or :o luoiicate £«il the bearmgs^ 
the system is consr?ntlT^ ir-^^rg reac The atriospnere is becoimng hotter 
and the same diffeience of hear potcav."’. la oni\ preserved b\ usmg more 
fuel Since no hnoTin object ca*" fo. long ma nrcin a liued temperature m 
excess of ir<! surroundings it semis l-^«. dLe tempeiaiure of different parts 
of the umverse, as t;now 1 , cont nuah] oecommg more uniform, and 
that its ultimate fate is comp" ere <jedbimjL::3 of temperature 'With the dis- 
appearance of all the changes i.hicb v.e distmoox^n «.s electrical, sounds, 
hght, and so forth 

The imagmrtion of a Heati Fobmson ■•igli. easxly dewse a refhgerating 
machine to keep all the bearing^ of anoihei mechvanism or the air m contact 
with the boiler of a steam engine at the same temperature The refhgeratmg 
machme would have to do work to accompksh this result So the umversai 
degradation of energy or the impossibility of perpetual motion may be stated 
in another w^a}" Woric has to be done to transfer heat from a colder to a 
hotter body This is sometunes called the “second law of thermodynamics 
On the face of it, there is no obvious reason why we should mvest this asser- 
tion with the digniiy of a law The need for statmg it becomes clear only 
when we are dealmg with compheated changes, the details of which are not 
fuUy imderstood The so-called second law is then a useful mnemomc to 
remmd the mathematician of the direction m which heat flows m the real 
world* As such it helps him to keep his beanngs It does not justify pessimism 
about the human experiment durmg the next few million years Lugubrious 
and somewhat mystical reflections which have been prompted by the degra- 
dation of energy and the impossibility of perpetual motion exerase a peculiar 
fascination It is difficult to explam their popularity, which may owe some- 
thmg to the fact that human nature shrinks from the imaginative effort of 
usmg saence constructively To the extent that it shirks the social challenge 
of new saentific knowledge, it is forced to behttle the scope of human 
achievement One way of domg so is to contemplate a comfortably remote 
prospect of cosmic bankruptcy 

The Energy Concept links all the processes with which natural science 
deals m one system of measurements. This means that we can cost the 
relation between socially organized human activity and resources available 
for sausfymg the common needs of mankmd In the past our use of available 
substitutes for human effort has been left to the caprice of social mstituuons 
which prevailed when irksome toil for the many was a necessary condition 
of cultured leisure for the few. We could now undertake an mventory of the 
umverse, putting on one side the debt of calories eqmvalent to human effort 
expended and on the other the credit of calones m available sources of 
energy hberatecL Thus we could apply an objective entenon to the efficiency 
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of tbe soaal machine as can lo the steam engme We slionla then have 
the basis for a scientific economy of soaal relations m %iLch die concept of 
free energy would tal^e the place of free trade 

At present we assess the eflBciency of our social machme b3 die results 
of soaal practices which mankmd adopted before underst a nding the powers 
at Its disposal For instance, we say that a saentifically planned economy of 
food production would not and that it “pays^* to mvest m armament 

shares To say that it paj’s to pile up a huge debt of calories m makmg 
thermite bombs, poison gas, and concrete shelters is equivalent to sa>mg 
that the private control of credit by banks is not compatible Witn a rational 
system of costmg resource'* for human 'wellbemg What is called economics 
today is mostly concerned with terbal assertions m ^hich woids are used 
m this antisoaal sense Hconomics will be a science when it adopts a costmg 
system based on natural laws m conformitj with Bacon^s doctrme that **the 
true and lawful goal of the saences is none other tlian that human hfe be 
endowed with new powers ana mventions.” Smee Bacon wrote these words 
the encouragement of the natural sciences has abundantly justified the expen- 
diture of effort on them The soaal saences cannot hope to enjoy the same 
prestige till they can also show us how to change the world The true and 
lawful goal of the soaal saences is that human hfe be endowed with new 
discoveries of social orgamzauon to use our newly-found knowledge of 
nature The history of the steam engme has been a contmual progress towards 
a goal which can never be fuUy attamed It is merely silly to use the word 
Utopian as a term of abuse 

Tlie significance of Energetics m soaal relations will be clearer when we 
study m the next chapter the results of supeisedmg steam power by 
elecnnaty The dynamo which supphes energy for the use of electncallv- 
dnven machmery can be driven by waterfalls From the standpomt of the 
engmeer the effiaency of the dynamo (i e the proportion of electneal energy 
it dehveis to the mechanical energy used m < 5 rivmg it) is about three times 
as high as that of the most effiaent heat engme. That is only one side of 
the question Once it is made it requires the expenditure of no human 
labour to replemsh the supply of potential energy which drives it 
The steam engme must be fed perpetually with fresh supplies of 
potential energy m the form of coal, which can only be brought from the 
bowels of the earth and transported to the boiler by human effort Thus the 
workmg of the steam engme mvolves a certam debt of human calories for 
every unit of human labour saved m addition to the debt of calones which 
is paid by the coal As compared with the dynamo the soaal balance-sheet 
of the steam engme would thus reveal a far lower effiaency than the engmeer’s 
estimate of its workmg effiaency. When the economist sa5rs that the capital 
cost of hydroelectric power would exceed the cost of an equivalent quantity 
of fuel over a number of years, the engmeer may reply that soaety is a 
continuum and that social planning, unlike latsseig^fatre^ need not be limited 
by the eaq^ectation of hfe of captains of mdustry. If the Bank of England 
deades that hydroelectric power would not **pay,*^ the only conclusion to 
be drawn is tim we need to invent new social madunery for capitalizing 
our resources 



The Dark Satamc Mills 623 

Tne io^ einciency of the beet heat engines — less than 30 per cent — ^is no 
object^cz to Jhc use cf ocet p.o^mea 5*el can be supplied without the 
e^^.pcr'i'i'ure o2L.^ozi eCjo.*^ n.eet so vse me chemicoi 

ere*s ' of coal cn- netr^- -13 — li rre 3 o -cc £o':r r'^cLu.uon inch could 
be apphec iC"" w-r c^-dc-Cu^cn hi n.an calo":»u in digging 

It out of .ne eurti- BiJSocgQ <"1ZS2 .unn c’t one >wS.nle * ned dne 
conctucung chap^e^ oT the Econo/ 13 ’ of I' Ic’^ fccti^ es 

The disco-'^er^^ of the ^qpansne poTvcr of s*ean *5 its conaei'DOUon and tne 
doctrjae of iatcut ne^t lias already ac Jea to me pon^auen oi tCLS snia*i islana, 

iruihons ot hands But Jie aource of 1 s pox^ er *s not v ,tnoa: Imit, ana the coal 

mines of tne orlJ ma^ ultimately oe e'diausceo. may remark that the 

sea Itself offers a perennial co’crce of pcaer luuierto almost onappliea The 
tiaes, tw^ce m eacn aay raise a vast mass oi %vater v mca nugnt oe avaJable for 
drivmg maenmery But supposing heai soa to .emaji necess^ r%nen the 
exhausted state of our coal fields renders it e'^pensne^ Icn^, oefore Jiat period 
arrives other methods wdl probably have been mvented toi producing it In 
some districts mere aie sprmgs of hot v.atex v-nich iia^’^e fiowee for certun^s 
unchanged in temperature , and there can be littie doubt tJtiat bv oorang 
a short distance a stream ot high pressure ivotao issue from the orifice In 
Iceland the sources of heat are still more plentiful The ice of its glaciers 

may enable its inhabitants to liquefy the gases witn the least expenaiture of 
mechanical force and the heat ot its volcanoes may supply the power for their 
condensation Thus m a future age power may become the staple commodity of 
the Icelanders and the inhabitants of other volcanic districts 

Such a scheme could be put into operation by the Soviet Umon with its 
large tract of ice-bound coast Ime The temperature of the air m the arcttc 
wmter is below the boiling-pomt of ammonia Owing to its high heat 
capacity that of the sea never sinks below it Hence the difference m temper- 
ature between the air and sea m arctic wmter could be used to make an 
ammoma refngeratmg mdchme work ^^backwards The stored solar energy 
of the sea would take the place of a perpetual boiler The low temperature 
of the arctic wmter air would maintain the external conditions of a condenser 
No fuel would be required. The necessary supply of ammoma to replemsh 
mevitable waste could be obtamed as a by-product from a long overdue 
scheme to conserve the world’s limited supply of phosphates now wasted 
by fouling the coastal waters with sewage While solar radiation contmues 
to supply the basic conditions for the existence of life on our planet, unlimited 
resources of power now he withm our grasp Faced with tius prospect a 
decaying socirf culture is witless enough to welcome the Press lords* appeal 
for a moratorium on inventions The result is that a new social onentation 
IS m progress. On the threshold of the modem era of power production 
science was the ally of capitalism This was inevitable, as Needham remmds 
us in his refreshing essay, Laud^ the Levellers^ and the Vtriuost: 

Seventeenth-century science was expanding m the closest relationship with 
mdustnal enterprise The scientific men took, mdeed, little or no part m pohtics, 
but they definitely depended for their support on the party diametrically 
opposed to the two groups desenbed above, namely, the Laudian Churchmen 
and the Lcydiers The former were representatives of a dying pre-saenttfic 



624 Science for the Citizen 

collectivism, the latter were pioneers cf a collectivism to which even yet we 
have not attained It was mevitable that the scienasic should be on the other 
side, smce only capitalism, with its encourajen-iCnt or *echnolosy, would afford 
science with the means of its development 

Today the economist is the aHy of tiie brnks^ because it ®*pays” bankers 
to endow a humamsm wnth no roots in genuine science Scientific workers 
themselves begm to see that the wage s>stem, like chattel slavery, is an 
obstruction to manS creative mgenmtv, and that the future of power pro- 
duction hes in a society with a coUectiire S3^stem of natural credit Only 
collectivism by its encouragement of technolog^’^ can now afford science with 
the means for its further development 

MAYER’S CALCULATION OF THE MECHANICAL EQUIVALENT OF HEAT 

It IS often diflacult to make a direct determmation of a physical measurement 
with great accuracy When a rough estimate has been made m establishmg 
the new rule, more precise values can be obtamed by examinmg the relation 
of the rule to other established truths For instance, the direct determination 
of g before the da>s of cmematography and electrical recoiding apparatus was 
a very rough-and-ready procedure, and more accurate values were obtamed by 
applying the prmcipie of constant acceleration to the known behaviour of the 
pendulum The citation from Crowther given on p. 616 refers to an mdirect 
method by which the mechamcal equivalent of heat can be calculated from 
observations on the specific h^t of gases 

That the specific heat of a gas measured m a closed vessel is not the same as 
Its specific heat if measured m conditions permittmg free expansion as the 
temperature is raised, had been known for some time before the work of Mayer 
and Joule Hence it is customary to distmguish between two numerical values 
for the specific heat of a gas One called the specific heat at constant volume 
IS the number of calories required to raise 1 gm through 1® on the centigrade 
(or the absolute) scale when the gas is contamed m a rigid vessel, so that its 
pressure mcreases without any expansion The other called the specific heat at 
constant pressure is the number of calones required to raise the temperature of 
1 gm through 1® when the gas can expand to the volume it would occupy at 
the same pressure and the new temperature level 

If the specific heat of a gas at constant volume is S^, then the heat calones) 
required to raise the temperature of 1 gm from T^ to Tg without changmg its 
volume IS 

- S,{T2 ^ Ti) 

If the specific heat of a gas at constant pressure (e g that of the. atmosphere) 
IS Sp the heat absorbed (Hj, calones) in raismg the temperature firom T^ to 

Tg IS 

Hp = SpCTg — Tj^) 

In this case besides raismg the temperature the volume is increased ficom 
Vx to Uji In expanding, the gas can do a certam amount of work to (m calones) 
by pushmg out a piston, this must be made good m order to retam temperature 
Tg at volume Hence 

Hp «= Hp “f* 

This expression is only true if all the quantities are measured in the same 
system of timts If M i$ the number of work units per calone toechanical 
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eqmvaleat of heat) and if W is tne work aone^ m w ork unitSj il may be put in 
work units throughout as foUovtrs 


MS/T 2 ~ Tj) = M S,(T3 - Ti) W 

MfSp - S„) - - ■ . . . . (1) 

■*2 ‘*‘1 

The work done by a gas m expanding from Vi to V 2 at constant pressure is easy 
to express If contamed m a cylinder of sectional area A, the piston is pushed 
out a certam distance d m keepmg a constant pressure P equivalent to that of 
the outside air The mcrease of volume is theiefore Ad The force 

exerted (see p 369) on the piston head is PA and, since it moves through a 



Fig 


300 — ^WoRK Done in Expansion of a Gas by Heat at Constant 

Pressure 


If the gas is heated so that it expands from ©i to pushing out the piston through 
a distance — ■ Xi, the work done is the product of CXi — Xi) and the force (F) acting 
on the piston The atmospheric pressure against which the piston acts is die force 
exerted per unit area Hence F == PA The work done against atmospheric 
pressure is «... 

PA(Xa — x{) 

« P(Axa — Asffi) 

= P(Oa — Vi) 


distance d against this force, the work done by the gas against atmospheric 
pressure (Fig 300) is 

(PA)d = F(v^ -- 

Accordmg to the gas law (p 425), 


"Pw 

P(Oa — »i) = ^CTg — Tj) 

And since the pressure and volume of « gram-molecules or mols of a gas are 
connected by the equauon 


Pv = nRT, Cp 479) 
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Hence the t^ork done m e^^parding from to is 

?.RCT^ - T ^ 

Substituting tb^s ^all,c frr ir (i^ re 

AmS^ — Sj ^ 'R 



In deriving thro tcurava the qu.jic ty of gns is asbunie^: to i gm Si.'^ce 
one gram moiecole h^ciiogcn i> about 2 gm w == ^ if the gas is ii\ J^ogen 
According to the best ^oJem oeterminanons at orJmarr room tempe^au^^es 
tne specific heats of htdrogen determined iespeemei}^ ?t conotan.. press aie 
and con^^tant \olume aie J JO and 2 41 Hence 

s„ — s, = 0 9S 
0 98 = 'R - M 
M = R — 1 90 

If we wish to get M from tins in a particular set of units we must measme all 
quantities invoKed m the same system Specific heats are calculated in calories 
per gram and ergs m d>ne-centimetres Hence to gel A1 as the numbei of 
ergs per calorie R must be expressed m tnternatwnal umta We know 
(p 470) that 1 mol occupies 22 4 litres or 22,400 c c at 1 atmosphere pressure 
when the absolute temperature IS 273® One atmosphere pressure is the pressure 
ot 70 cm of mercury In umts of force this is Hdg where d is the density ci 
mercury, 13 6 gm pet c c Smeeg —981 cm per sec 1 atmosphere exeits a 
force of 

76 V 13 6 X 981 = 1 014 X 10* d3mes per sq cm 

For 1 mol 

R = /w — T 

1,014,000 X 22,400 — 273 
~ 8 32 X 10^ m mtemational metrical units 
M =- (8 32 X 10’) - 1 96 
s= 4 24 X 10’ ergs per calone 

Mayer did not get a very accurate value for M because the specific heats of 
gases had not been determmed with great accuracy at that time The best 
modem determinations of M by other methods give its value as 4 186 x 10’ 
ergs per calorie The value 4 2 x 10’ is good enough for most purposes 


EXAMPl-ES ON CHAPTER XII 

1. An aluminium vessel weighing 36 gm contains 126 gm of water at 21® C. 
A piece of brass weighmg 36 6 gm transferred from a beaker of boihng water 
raises the temperature of the water m the alunumum vessel to 23® C If the 
specific heat of alumimum is 0 21 calculate that of brass 

2 A copper vessel of mass 20 gm containing 120 gm of a liquid is heated 
to 100® C and immersed in 300 gm of water at 13® C contam^ m a copper 
calorimeter of 80 gm mass The temperature of the water rises to 27 6® C 
Find the specific heat of the liquid taking that of copper to be 0 



i ne Dui'k Satanic Mills 627 

j A j^e«*ce! 2 of ^-ate-L at H C More vvater is 

aJdeo St So 2'^ C *.iil i.’e cOi^teitt is '^23 1 After stirring, the 

tempera s 20 2 C v^hat jr^*jis> of i3as the ^ame thermal capacity as 

the copper vessel ^ 

4 A" essei^ wjtit ate eci. 20 g:a ^ con^a^s ISo of paraffin oil at 

20 C Wnei- a .xicce of *cc at 0 C “ci^^img 12 gm 13 pat mto it tne tempera- 
Li^e of the roji^nire aS 10® C vvhca -li tnc ice iiac melted Vvliat aS the specific 
heat of the pa^ affin oJ la^TAns lLic ’a^ent r'eat of xvctei as SO ^ 

5 Tne temperature of ^ater an a copoer 'vebseh \*hose taeimal capacity 
togetnei Vvith ihst of the viater it cottams is equivalent to that of 100 gm of 
V ater alone^ is 4o® C Piad tae Jdncl tcmps’^aturi., after s laTi in£ if *50 gm of water 
are taken out and reoiacecA tlie same qumtaty pt C 

C in a metal condenser we ginag 1 )0 gm ^ staG ccn*wiinmp tne same mass of 
\\ ater at 2 1 ® C ^ stCc^m cenaenses till tne t^^al mass of vv ^ ^ei has irsen to 3 1 1 2 gm 
and the temperature ic 32'* C If the tiierniai c^oacxty of water is 9 times as great 
as that ct the metai^ calculate tne laten^ heat of steam 

7 A copper calorimeter containing iOO gm of watei at 12® C nas 50 gm of 
water at 30^ C aaded to it The tempeiaLore of the xnistaie is found to be 
IS' C Fmd the v ater equivalent of the calomneter 

S A metal vessel weighs 50 gm and contains GS gm of water at 15 5® C 
The specific heat of the metal aS 0 1 From a beaker at 97 5° C a piece 
of tm alloy is tran^feried to the vessel and the temperature of the water 
goes up to 19 5° C The vessel is again weighed with the alloy and water 
contamed m it, the total weight being 173 gm Fmd the specific heat of 
the alloy 

9 When a lump ol metal weighing 100 gm is heated to 100® C and im- 

mersed m 100 gm of water at 12® C the resultmg temperature of the mixture 
IS 20® C If the water is contamed m a calorimeter of water equivalent 12, find 
the specific heat ot the metal ^ 

10 If the specific heat of iron is 0 119, to what temperature must we raise 
an iron weight ot 5 2 lb so that it raises the temperature of 1 1 lb of water from 
14® to 26 4® C ? 

11 16 gm of iron at a temperature of 112 6® C are dropped mto a cavity 
m a block of ice, mcltmg 2 5 gm of ice What is the specific heat of iron if the 
latent heat of water is 80? 

12 The specific gravity of turpentme is 0 87 and that of ethyl alcohol 0 80 
The specific heat of turpentme is 0 42 and that of alcohol 0 6 What is the 
final temperature if equal volumes of alcohol at 5® C and turpentme at 60® C 
are mixed? 

13 Define latent heat Fmd how much ice at 0® C 1,000 gm of steam at 
100® C would melt if the resultmg water was at 0° C Take the latent heats of 
steam and water as 637 and 80 respectively, 

14 If 16 gm of ice at 0® C placed m 160 gm of boilmg wrater lower its 
temperature to 83 6® C calculate the latent heat of fusion neglecting the 
thermal capacity of the vessel. 

15 A shallow polished vessel supported on three corks contams 1 lb of hot 
water If the temperature falls from 90® to 80® C. whilst 0^26 oimce is evapora- 
tmg, calculate the latent heat of vaporization of water, neglecting heat lost by 
radiation, convection, and conduction 

16 Davy’s classical experiment depends on the fact that the thermal content 
of ice IS less than that of water Using also the data of Example 14, calculate 
the spcxxfic heat of ice from the feet that 16 gm of ice at — 20® C. lower the 
temperature of*160 gm» of bailing water to 82*7® C« 
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17 If tlie Specific heat of ice is 0 5, the latent heat of steam is 537 calories, 
and latent heat of freezmg water is SO caloiies per gm , find to what final 
temperature 120 gm of water at 15° C \'vill be raised or lowerea if 50 gm of 
ice at — 26° C are put m it and stirred by a current of steam at 300° C till 
the total weight of water is 175 gm after all the ice has melted 

18 Which would be preferable material for a teapot 

(a) A substance with high conductivity and high specific heat^ 

(5) A substance wuth low conductivity and high specific heat^ 

A substance w^ith high conductivity and low^ specific heat^ 

(d) A substance with low conductivity and low specific heat> 

10 The thermal conductiMty (K) of a substance is defined as the quantity 
of heat which passes m umt time thiough a cube of umt volume w^hen the 
difference m temperature between opposite faces is 1° The quantity (Q) is 
directly proportional to the temperature gradient, time, and area, and inversely 
proportional to the thickness (d) of material Hence if r = time, A = area, and 
T ~ temperature 

^ ArCTg- TiJ 

Calculate the heat loss when an non boiler of thickness 0 5 cm and conduc- 
tivity 0 2 (m mtemational metrical units — cm , secs , degrees centigrade) with 
a crust of 0 4 cm thickness and conductivity 0 001 is kept at 300° C m an 
atmosphere of 120° C 

20 If the thermal conductivity of copper is 0 018, how much heat is con- 
ducted m 1 second through 1 square metre of a copper plate of thickness 3 cm 
when one face is kept at 30° C and the other is kept at 30 2° C ? 

2 1 Calculate the number of ergs m a foot lb , the number of ergs equivalent 
to 1 foot poundal, and the number of ergs equivalent to 1 British thermal umt 
(:= 778 ft lb ) 

22 In a closed metal vessel containing 2,010 gm of water, 0 74 gm of 

petrol IS burned The temperature rises 3° C If the thermal capacity of the 
vessel IS eqmvalent to 710 gm , calculate the heat of combustion of the petrol 
per gram • 

23 Fmd m (i) mtemational umts, (u) foot poimdals, 

(<x) the work done when a 10-gm weight falls 10 feet under gravity, 

(5) the work done m impartmg a velocity of 1 metre per second to a 5-lb 
wei^t 

24 A drop of mercury falls from a height of 15 metres on to a surface which 
is a very bad conductor of heat If the specific heat of mercury is 0 033, how 
much IS Its temperature raised? 

25 Find the heat production m (a) calories (5) B ThU when a 64-lb weight 
moving with a velocity 1 km a second is brought to rest by faction 

26 (a) If 1 gallon of water weighs approximately 10 lb , how many therms 
are required to prepare a bath of water containing 45 gallons at 120° F , when 
the original temperature of the water is 62° F ? 

(5) If the combustion of 1 gm of good coal produces 8,000 calories, how 
much coal would be used if there were no heat loss? 

Cc) If 1 cub ft, of gas IS equivalent to O 0045 therm, how much gas would be 
required > 

(d) If 100 cub ft of gas costs fouzpence, what would be the cost of the bath? 

27 A reservoir is 936 feet above a water turbme Fmd the potential energy 
Cfoot pounds) of 1 cub ft of water m it, taking the weight of 1 cub fc, of water 
IS 62 4 lb. 



The Dark Satanic Mills 629 

28 If a steam engine of 5 per cent efficiency consumes m one hour 56 lb 
of coal whose heat of combustion is 3G x 10^ calories per lb , find its horse- 
power, takmg 1 ft lb as equivalent to io,5G0,000 ergs 

29 Find the horse-powei required to give a locomotive weighing 300 tons 
a velocity of 30 miles per hour m 1 i minutes 

30 How manj^ cuDic feet of water w^iU a 10 h p en gin e raise from a mme 
300 feet deep m one hour? 

31 The specific heat of lead is 0 032 If a lead bullee strikes an iron target 
which stops It dead ac a speed of 350 metres per second, calculate its nse m 
temperature on the assumption that half the heat developed is given up to the 
target 

32 If a bar of iron 12 mches long weighmg 2 lb is rotated about an aide 
1 mch m diameter through its mid-pomt by a fallin g weight attached to a strmg 
wrapped round the axle, find (a) how far the weight of 5 lb must fall to brmg 
Its speed up to 1,000 revolutions per mmute if no heat is produced, C^) how 
much heat would be produced, durmg the time taken for it to run dowm, when 
the weight is cut away Warning Do not forget the kmenc energy of the fallin g 
weight 

33 Calculate the moment of mertia of a flywheel 2 feet m diameter weigh- 
mg 3 cwt m British and mtemational units, its kmetic energy w-hen it is revolvmg 
at 1,000 revolutions per mmute, and the heat production when brought to 
rest (m both systems) 

34 If 1 htre of air at 0® C is raised through 1®, pushmg out a piston agamst 
an atmosphenc pressure of 76 cm , how much work is done m ergs^ 

35 Taking mto accoimt the heat produced by friction m a crane worked by 
a 10-h p gas engme, the efficiency of the latter is 25 per cent If 1 cub ft of gas 
produces 460 B Th U , how many feet of gas will be used m hftmg a weight of 
1 ton through 100 feet? 

36 How much work is required and what is the final pressure if a htre of 
air measured at 76 cm pressure is compressed to two-thirds its volume 

(a) m a vessel which allows the free escape ot heat? 

(5) m a vessel which allows practically no heat to escape > 


THINGS TO MEMORIZE 

1 Law of thermal equihbnum If M^ grams of substance A, of specific 
heat Sa, and temperature tas are mixed with M^ grams of substance B of specific 
heat and temperature and the final temperature of both is T, then 

SoM^(T — td) == — 'SftMi,(T — td) 

2 1 calone = heat required to raise 1 c c of water through 1® C This is 
equivalent m work umts to about 42 milhon ergs 

1 B Th U = heat required to raise 1 lb of water through 1® F « 252 calories 
This IS equivalent in work umts to about 778 foot jxiunds or 25,000 foot 
poundals 

heat equival ent of work done 
ency o engine — combustion of fiiel consumed 

4 Work done m ixnpartmg a velocity v in a. straight line to a body of mass 
m *= Jjfw* « kmenc energy 

5* 1 horse-power »» 33>Q00 fqot pounds or about 1 06 x 10* foot poundals of 
wodc per mimite* 
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THE SOUTH POINTING IKSTAU^lBK:: 
AND THE LIGHTNING CONDJCiOR 


The eighteenth centurv ’t£s notable m the stoi> of m'ln’cconqiaestof power 
for the replacement of water by heat as a •om‘'e of energy Toe ctentical 
energj of combustible organic matter superseded the kinetic, eneigj of 
flowmg nvers The latter half of the runeteentii century imtiateJ □ change 
which IS hat mg equally drastic effects or* the social hacits of mankind 
Mobile power is now transmitted o»et great tastedice» by the grid system, 
and water power as the means of producing electiical energy is taKing the 
place of coul and petrol To a far greater extent than m any previous techmeal 
development, except the grow th of chenucal manufacture daring the same 
period, this change is the outcome of new theoretical knowledge gamed 
through the encouragement of saentific research wuth htde direct stimulus 
&om a pre-existmg technology 

This does not mean that the study of magnetism and electiiaty received 
no encouragement m its mitial stages from the evc^yrday needs of mankmd 
During the sixteenth, seventeenth, and eighteenth centuries steady but slow 
progress m the study of magnetic and electneal phenomena was recorded 
What progress occurred between 1600 and 1800 is nevertheless neghgible 
when compared w?ith the stndes made between 1800 and 1810 The rapid 
advance which then occurred was not preapitated by any manufacturmg 
process m which electricity or magnetism played a direct part It was chiefly 
fostered by rapidly growrmg mterest m theoretical chemistry durmg the rise 
of chemicd manufacture, and thus benefited from the outlook of new mdus- 
tnal leaders eager to exploit new discovenes 

The phenomena of magnetism and dectnaty had attracted htde attention 
m the anaent world At a very early date the Chmese were famihar with the 
fact that pieces of certam natural iron ores have die peculiar property of 
arrangmg themselves lengthwise along the meridian The south-pomtmg 
mstniment was possibly used m navigation before the Chnstian era Thales 
(area 600 B c ) is rqiuted to have known that iron ores such as are found 
near Magnesia* m Asia Aiinor attract particles of iron and that when amber 
(Greek — electron') is rubbed it draws to itself hght parades of straw and dust 
Beyond these elementaiy l&cts nothing was known Oil the end of the gnrteenrb 
century m our own era Aside from thunderstorms whidh, of course, were 
acts of God, such phenomena of dectnci^ and magnetism as surround our 
hves today had no part m the everyday life of early avihzaaons. 

We do not know to what extent the floating magnet or manner’s compass 
was used m ancient navigatton Probably the Phoenician traders and their 
successors m the Mediterranean rdied exdusivdy on the bearing of cdestial 

* “ The magnet’s name the observing Grecians drew 
From the magnetic region where it grew. . ” 

laicsmtn. 
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bodies It IS scmctiires a*" j';: Aiaes mtrodaced tie manner’s 

coinT>as& i*ilo Zarop' Tji s a Aic-<. .3 a rccoid 'vhxch shows that the 

were tLL.^zcp fb '■-^L hc >-se the eleventh cen^r^ of our 

era Ho oc.; c-'gocej'i -3 ages in ^ x^ch they established 

setJajnen^s -n Icc^ai-d Cieen^a-u^ -jic j e*i r 3 * r noi’’ in Labrador^ 

MoJJ De a comp‘e.a niy^L^r £ ^^32, h^r- rol aacn cOta to supplement the 
wuccrcain guiJ.*ncc of e'“CJ 3 nc’e''i no-t^ern cincs the testunonj of an 
mstrumenL vLucli v prcor*' Z ^ beZ'.ra tj'o.a .'js fiowTishing com- 

mercial iiitercoiu.sa berveen Xc. Ji Zorcpe c rc tne Aieoi^errancaa Be that 
as It mc^y^ Jic lodes^one^ m^nuonc'd ja Cnii*c<;;r, hoc cnreaa^) become an 
important item of nav^gatioruJ eqiupmenii niiimg w ie penod \\nen meican- 



Aiap showing probable route of Liet jbi lesson’s Labrador voyage rbout the year 

AD 1000 

(After Thordarson’s Vtnland Voyages^ Amtiican Geographical Soc Research Senes* 

No 18 ) 

tile mtercourse was expandmg between coimtnes of north-western Europe 
m the fourteenth century, and when the clock, as we may suspect for the 
same reason, was replacmg sundials By Ehzabethan times, the craft of makmg 
and designing compasses for use m ships flourished in the large ports, and 
magnetism was becommg part of the everyday hfe of the world 

In previous chapters we have seen how two technological problems 
speaally beset the practice of navigation during the penod which witnessed 
the rise of the great scientiflc academies One was how to find longitude at 
sea in the absence of reliable chronometers. The other may be summed up 
m the phrase ‘‘forecasting the weather,” What progress m the study of 
electro-magnetic phenomena occurred between 1650 and 1760 was largely 
influenced by the same considerations m the order given To understand 
how the study of magnetic phenomena became mvolved m the problem of 
Ipogittide, It IS necessary to know two simple fsicts about magnets. When » 
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magnetized bar of iron like the compass needle is freely suspended by a thin 
flexible filament or attached to a float on water^ it turns so that one end — ^the 
north-seekmg pole — ^pomts more or less tovtards the North Pole, and the 
other — the south-seekmg pole — ^pomts more or less towards the South 
Pole It does not generally he exactly in Ime with the true, 1 e astronomtcal^ 
meridian It is mchned to it at an angle which differs at different places 
This deviation called “magnetic decLnation” or the “variation of the com- 
pass” was discovered by manners, and was already known m the fifteenth 
century Columbus among others made careful records of how it vanes at 
any one time from place to place 

Usmg a manner’s compass is not so simple as our history books con- 
descend to divulge A ship tra\ersmg the course of the Vinland \oyagers in 



Fig 302 — ^Dipping Needix Used in Seventeenth-Cfntury Navigation 

the year 1932 would start from the coast of Norway, where the needle pomts 
10*’ west of the true north Off the Shetlands it would pomt nearly 20^ west 
of the celestial pole Near the coast of Iceland it would deviate by 30% and 
off Greenland 40® On the coast of labrador it would pomt agam 30® west of 
the true north So steering a true westerly course by a fixed magnetic bearmg 
IS impossible* It can only be done if you possess some knowledge of magnetic 
decimations Collecting such information was a practical necessity of efiScient 
seamanship, or any sea man ship which rehed at all on the use of the compass 
We can hardly doubt that Columbus merely repeated a routme which Vikmgs 
had long smce practised 

During the sixteenth century comprehensive observations of these varia- 
tions were made m sea voyages throughout the world Specific instructions 
mat sea captains should record them are contamed m the pages of Hakluyt’s 
Vcyages of Ehzobethwt Secanen About thi« time another fac t emerged If a 
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znagnct is suspended cibout its centre of grp'^^ity so thst it is free to move 
vertically, it does not come to rest in the Horizontal position along the mag- 
netic meridian It tilts downwards at an angle called the which also 



vanes &om place to place In his voyage of 1608, Hudson found that the 
needle was very nearly vertical at a place on Lat 75® N From these local 
variations of magnetic dedmation and dip there grew up the behef that 
the compass might be used to fix an obs^er’s longitude and latitude 
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The argument which encouraged this hope depends on the tact that an 
observer’s position can be fixed by any two systems of criss-cioss lines hlie 
those of lautude ana longitude on an ordmary map (Fig 303) If we could 
draw across the parallels of latitude hnes joming pomts with tne same com- 
pass vanation (winch changes mainly as we move east or west) we shoulc 
have a second coordmate of reference to supplement observations of the 
former from mendian alntudes If we draw across such Imes of equal com- 
pass variation mtersectmg Imes of equal dip (which vanes mainly as we go 
north or south) we should have a complete specification of position from 
magnetic and mendian observations alone This hope dogged nautical science 
till the end of the seventeenth century, when The Longitude Founds pubhshed 
in 1676 by Henry Bond, was severely malhandled two years later by Peter 
Blackbarrow’s book The Longitude Not Fowtd 

With the support of the Bntish Government Halley prepared a great 
world chart for the year 1700 Thereafter hope expired The reason had 
been apparently discerned by Flemish manufacturers of compasses in the 
sixteenth century Even then they had to make allowance for it Both the 
compass variation and the dip vary from year to year as well as from place 
to place Whitaker gives the followmg changes m the deviations of the 
magnetic needle at London from the true (astronomical) North Pole since 
the Elizabethan age. 

1580 11]®E 1800 24® W 

1665 l|® W 1926 13i® W 

1766 20® W 1936 1]|®W 

Though the quest was doomed to failure, it had results which were ulti- 
mately destined to be useful m an entirely different social context, and it 
encouraged the earhest systematic rescardies mto magnetic and electrical 
attractions The hterature of magnetism begms with the observations of a 
Wappmg compass-maker, Norman, who published The New Attractive m 
1581 It is noteworthy because it breaks away from pre-existmg astrological 
speculations which variously located the pomt of attraction in the Pole Star, 
the Great Bear, or some mystenous mountam of unknown locahty Norman’s 
suggestion was that the ongm of the attraction hes m the earth itself This 
was put to experimental test by Gilbert, whose demonstrations dehghted 
the most highly cultivated monarch who has ever occupied the Enghsh 
throne The De Magnete^ pubhshed m 1600, is noteworthy because it is one 
of the earhest examples of a physical hypothesis based on the construction 
of a smalhscale model Gilbert (Fig 304) made a large sphere of magnetic 
iron over the surface of which he could move a small compass needle suitably 
moimted. Therewith he mapped out the surface of the sphere mto great 
circles of equal variation from pole to pole and small circles of equal dip 
parallel to tibe equator, thus provmg tiiat the earth’s behaviour is like that 
of a huge magnet of the same shape 

Gilbert’s book and his previous work profoimdly infiuenoed Bacon It 
IS also notable ffar a hy^thesis which, though wrong, exerted a very ficuitfiil 
influence on later physical researdi. He supposed that the sun, earth, moon. 
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and pjianels are all endo’^ved >173113 magnet? c piopertiecj and Kepler adopted 
the suggestion as a possible explanation oi pianetai^ moticn Without doubt 
this prepared the way Tor the doctrine Ci ait* icuon at a c\£tance embodied m 
Newton’s principle of amve/sal gravitation, ana dcte^nuaea the course of 
researches towards the end of the eight^ntti cencur>, when Priestley and 
Cavendish showed tnat magnetic and electrical attracaons VBiy mversely 
with the square of castonce The cxpenmenls wlncii ultunpiel]’’ proved that 
the mverse squat e law applies to magnetic and electrical as well ss to gravita- 
tional attraction depend on tesong aevious and indirect inferences from the 
law* It IS easier to see how these discoveries v^erc maae, if v.e recognize at 
the outset the close connexion bet>?i^een ea<.her speculations on tne same 
topics, and the ample mathematical development of the tiieor^ of gravitatioiial 
attracuon waitmg to be used 

The early assoaation of magnetic ana gravitational theory e^plams why 


C 



Fig 304 — Gilbert’s Terella 


the phenomena of magnetic and electrical attraction engaged the interest 
of Hawksbee and others m the early days of the Royal Society It would be 
consistent with the follies of the racialist doctrmes now prevalent m Germany 
to attribute English leadership xn the beginnings of power production, or, 
equally, Amencan leadership in its more recent phase, to the peculiar natural 
endowments of the Anglo-Amencan peoples. Such a supposition would be 
gratmtous Economic, physiographical, pohtical, and cultural circumstances 
conspired to give Bntam speaal opportunities m the seventeenth century 
Her nch coalfields, isolation ficom Ae devastations of the Thirty Years’ War 
which ravaged Germany m the post-Reformation period, the political 
supremacy of the English mercan^e classes, among other circumstances 
favoured the technology of steam* In her bid for maritime supremacy, 
England’s backwardness m astronomical lore and her northerly situation 
were both propitious to a new technology of navigation adapted to the experi- 
ence of her seamen. 

The facts about magnetic attractions known by the beg mnmg of the 
eighteenth century indude little that was not established by Gilbert and 
his immediate successors. They may Jbe summarized under three headmgs 
Firsts the power to attract iron and to exhibit a polarity when free to move 
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m the earth^s field is possessed by certain natural iron ores^ by bars of iron 
which have been allowed to rest m line with the magnetic meridian or by 
bars of iron which have been rubbed m a defimte direction by magnetic 
ores (or by other magnets ongmally prepared m this way) Second^ all bodies 
which exhibit magnetic attraction polarity^ the attractions bemg of two 
kmds (Fig 306) The north-seeking pole of one suspended magnet repels the 
nonh-seekmg pole and attracts the south-seekmg pole of another The 
south-seekmg pole of one suspended magnet repels the south-seekmg and 
attracts the north-seeking pole of another one Third, when a bar of 
iron IS placed lengthwise m Ime with the polar axis of a magnet the end 



Fig 306 — ^Elizabeth Watching Gilbert’s Experiments 


nearest to the nearer of the poles acquires the opposite kmd of polanty, 
while It remains in that position This phenomenon is called magnettc 
tndmiton 


ELECTRIFICATION BY FRICTION 

In explonng the nature of terrestrial magnetism Gilbert made experiments 
on the traditional property of amber, and showed that resms^ crystals, 
sulphur, and glass when rubbed acquire the power to attract substances 
other than iron The only important advance on these fragmentary observa- 
tions made during the seventeenth century was the work of von Guencke, 
whose researches on the air pump have hs&a mentioned. Guencke made a 
simple frictional machme^ a large sphere of sulphur on an iron axle rotated 
by a handle and rubbed against the hand during rotation. With this device 
he made two new discoveries. One was that when some object touched the 
electrified sphere tfa^ were no longer attracted but r<^>elled* The other was 
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that some objects placed m the neighbourhood of the electrified sphere 
themselves became “mducnvely” charged, le capable of attraction and 
repulsion Better machmes were made by a succession of imitators, of whom 
Hawksbee will be mentioned later 

The known phenomena described as electrical m the middle of the 
eighteenth century were, m general, effects associated with fiiction like the 
above At first attention was mainly focussed on the phenomena of attraction 
and repulsion The mam featmes of electrical attraction and repulsion 
depend on {a) the nature of the materials and (&) the nature of electrical 
mducUon Broadly speakmg, sohds may be dinded mto two classes If we 
hold a fountain pen of vulcamte, a suck of seahng wax, or rod of glass m the 


•n: 



Like poles repel and unlike poles attract 

hand, it becomes electrified when rubbed agamst the sleeve, a piece of fur, 
or a silk handkerchief A metal rod if held m the hand will not attract small 
fragments of ussue paper or dust parudes when rubbed m the same way 
On the other hand, a metal rod wiU do so if it is mounted on a handle of 
glass or vulcamte Thus the two classes of bodies to which belong, on the 
one hand, substances like glass, amber, resm, sulphur, vulcamte, etc , and 
on the other hand, the metals, ^ not differ m abihty to become decti^ed, 
as Gilbert believed Th^ merely differ m their power to retam the condiuon 
of being electncally charged Some bodies called insulators retam their diarge 
and others called conductors give it up unless separated from contact with 
other conductors by an tnstilaung material. 

T<>4est the presence of the electrified state a convement device is made 
by Slispending a small ball of pith frnrn a silk cord If a small plate of metal 
mounted on an inmiTanng handle is first apphed to the surface of an dectnfied 
body. It will attract a suspended pith ball A glass plate does not do this So a 
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conducting substance is one which readily acquires as well as one which 
readily loses charge by contact Dry pith is a very poor conductor^ and when 
a suspended pith ball is attracted to electxified body it usually sticks 
to It If the suspended pith ball is coated v^ith gold leaf it is violently repelled 
after it has been allowed to touch the eiecLiified object which at ^rst 
attracted it 

The circumstances m which attraction and repulsion aie seen depend 
on the nature of the electrified body If a lod is rubbed with siH it 




Fig 307 

hike charges repel and unlike charges attract The pith ball coated with gold leat 
has the same kmd of electrification as sealing wax rubbed with fur 

first attracts^ and on touching subsequently repels^ a pith ball coated with gold 
leaf The same is also true of a piece of vulcamte rubbed with fur (Fig 307) 
At first sight the two phenomena are exactly alike, just as the attraction of a 
piece of iron to the north-seekmg or south-seekmg pole of a bar magnet is 
ostensibly the same phenomenon Further experiment shows that electneal, 
like magnetic, attraction is of two kmds If a pith ball coated with gold leaf is 
repelled by a glass rod electrified by mbbmg with silk, it is attracted to a 
vulcamte rod electnfiied by rubbmg with fur A similar pith ball 'which is 
repelled by a vulcamte rod rubbed with fur is attracted by a glass rod rubbed 
with silk Thus the power of electneal attraction is of two kmds, like the 
two poles of the magnet Just as like poles repel and unlike poles attract, like 
charges repel and unlike charges attracts 
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Since motion towards (attiaction) at d awav from (repulsion) a fixed pomt 
may be matnematicsliv disnnguishea by tne positive or negative sign^ the 
tvvo kinds or charge are now drstingtashed as negati\e and positive By 
convention glass wmch is rubocd with s^Li is said to be posHaely^ \nlcamte 
tabbed with for negatizey^ chaigeo These leirrs r^cre ^troduced by Ben- 
jamm FranMin ’Expeimaenj. sbows tiiat the siJk used to n b the glass attracts 
the pith ball which *s .epellea by the and repeis a p*th ^hich has 

been charged by com act ^ ich vulcamte ruooed will" fvr Sojaaaih ^ u«ed 
to rub the vuicamte attracts a pitn ball chirged tre latter xepels 



Fig 308 — ^Electrostatic Induction 

Tlie egg-shaped metal conductor mounted on an insulated stand is initially neutral 
When the ncgauvely charged rod (— ) is brought near it the opposite end is negauvdy 
charged, 1 e it attracts a pith ball coated with gold leaf previously charged by contact 
with a positively electrified rod If the rod is taken away, no attraction occurs If while 
the rod is held m position the end B is connected to an earthed (E) conductor at C, the 
attraction ceases, but if the rod is withdrawn after the connexion with C is severed, 
the whole conductor AB is found to be positively charged, and will now repel the 
pith ball 


one which has touched a glass rod rubbed with silk The fur is positively 
and the silk n^atively ch^ed In general, when there is friction between 
bodies of different material, they thus acquire opposite chaiges 
The reason why a pith ball coated with conductmg material is repelled 
by a charged body when it is allowed to touch it is that it acquires the same 
ktnd of charge by contact Why then is it first attracted? The answer to this 
question hes m ^e phenomena of mducuon To demonstrate the phenomena 
of mduction a convement device is an egg-shaped metal body moimted on an 
insulating stand (Fig. 808). When a charged rod is broug^it near one end (A) 
the other end (B) will attract an uncharged pith ball, or repel one which has 
been ebaxgoi by the dectnfied rod. One end thertfoxe acquues the same 
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sort of charge as an electrified body brought near the opposite extremity 
If the rod is removed the charge ordinarily disappears If the end which 
IS near the pith ball is touched momentoiily (‘‘earthed’*) while the rod is held m 
position the pith ball ceases to react When the rod is withdrawn^ it exhibits 
the opposite behaviour It is now repelled The metal mductor is now electri- 
fied with a charge opposite to that which its pomted extremity previously 
showed 

You can get a clear picture of these seemingly paradoxical effects if 30U 
adapt Gilbert’s method and make the pith ball a physical model of the 
phenomena observed Imagme that matter is made up of particles of two 



Fig 309 — Electrostatic Induction 

Pith ball model to illustrate the pamcular view (i) an uncharged body with equal 
numbers of positively and negatively charged parucles, (n) a conductor charged by 
induction The posiuvely charged parades are supposed to be held m posmon by the 
attracnon of a negaavely charged body near the upper sur&ce If the opposite lower 
surface is now touched with an earthed conductor the excess of negaave parades 
escapes, leaving the conductor (m) posiavely charged when the neighbourmg negaavely 
charged body is withdrawn 

kmds like pith balls charged to the same attractive power positively and 
negatively Whether these particles are molecules, atoms, or smaller than 
either need not concern us at present If both kinds are present m equal 
numbers a body wdl exhibit no electncal phenomena When two bodies are 
rubbed, the loss of one kmd, let us say negaave parades, by one of them will 
mean that it has an excess of the other kmd, posiave parades, and will 
exhibit posrnve dectnficaaon Smce this loss wil entail a correspondmg gam 
to the other body, the latter will be negaavdy charged This is m keepmg 
with the fact that the fur and the vulcamte or the glass and the silk acquire 
opposite charges. If we bring a posiavely charged rod (e g. glass rubbed with 
silk) near an uncharged body, what wiU then happen^ If owe parades behave 
like pith balls one lot, the posiavdv charged ones, will be rqielled by die rod. 
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while tlie other, the negatively charged ones, will be attracted to the rod 
Hence there will be an ex.cess of charged particles of opposite sign near the 
charged rod, and an excess of particles of like charge at the opposite end, 
which wiU, therefore, exhibit the same kmd of attraction as the rod itself 
If we connect the positively charged end to the earth, negative particles 
will be drawn mto this end by the attraction of unlike charges Its positive 
charge will therefore be neutrahzed, and the end connected to earth wiU 
appear to be discharged If the rod is now removed after connection with 
the earth has been cut off, there will now be an excess of negatively charged 
particles on the surface of the inductor, because all the while the positively 
charged rod was held m position it maintamed a concentration of negative 


C 






+ ■+■ + 



Fig 310 — ^Electrostatic Induction 

Charging a gold leaf electroscope positively by means of a negatively charged rod of 
sealmg wax rubbed with fur The earthed conductor m (11) must be disconnected 
before the rod is removed 


particles at the end next to itself So the mductor will now be charged, and 
the sign of its charge will be opposite to that of the rod 

You can familiarize yourself with the phenomena of electneal mduction 
by applymg the same model to mterpret the behaviour of two simple 
devices, the gold electroscope and the electrophorus, which are also used to 
demonstrate them The gold leaf electroscope m Fig 310 is essentially a 
metal knob or plate connected with a rod at the ends of which two stnps 
of gold leaf are moimted The rod is jQxed on an insulated support, and the 
leaves are usually protected by a glass wmdow, which may simply be a bottle 
If a charged rod is brought near die knob, the leaves, which acquire the same 
charges by mduction, repd one another and diverge like the leaves of a book. 
If the underside of the knob is touched while the rod is still held near it, 
the leaves collapse together, but when the rod is withdrawn they once more 
diverge and remain apart The electroscope is now said to be charged If 
when dbarged the original charging rod is brought near the knob they collapse 
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again while it is held there, but if a lod of opposite charge is brought near the 
knob they will diverge more widely Thus the charged electroscope can be 
used to test whether a body is negatively or positively charged Observation 
shows that the divergence of the leaves is greater or less accordmg to the 
amount of xubbmg and the size of the charged body The electroscope can 
therefore be used as a criterion of the e\tent of charge, and thus to show that 
when two bodies are rubbed the opposite charges they acquire are of equal 
strength One way of domg this is to make a flannel cap )ust fittmg a vulcanite 
rod* When the two are rubbed together, the flannel cap can be suspended by 
a thread attached to at side by side with the rod and near the knob of the 
electroscope No effect is then produced Tested separately, each produces 
equal divergence of the leaves when the knob is not earthed 



Pig 311 — ^Electrostatic Ikduction — ^the Electrophorus 
The eaithed conductor (which can be a finger) must be disconnected before he 
metal plate is hired off A spark can then be obtamed by touchmg the edge 

The electrophorus is worth mentionmg, because it demonstrates another 
feature of electrified bodies Besides attracting hght bodies, von Guericke^s 
frictional machine was noticed to emit mmute sparks with a crackling sound 
when touched Where the atmosphere is very dry, as m Canada, it is often 
possible to get small sparks by merely rubbing the hair. The electrophorus 
consists of two parts One is a isc of vulcanite on a metal base fa gramophone 
record or the top of a tm filled with sealing wax serves) The other is a metal 
plate with an msulatmg handle The vulcamte disc is rubbed with fur or dry 
cloth If the metal plate is now laid on it and then removed, there will be no 
spark when the edge is touched with the finger If however the top of the 
plate IS touched while the metal plate rests on the disc the subsequent 
behaviour of the latter is different. After hftmg it, a conspicuous spark is 
emitted when the edge is touched. This can be repeated an mdefimte number 
of times without rubbing the disc again To understand the modus operands 
of this device, you must remember that the metal plate only touches the 
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uneven surface of the insulating disc ct a few points, and since the latter is 
not a conductor it does not give up its charge appreciably through contact 
Charging occurs by induction The leason why we can go on "discharging” 
the electrophorus repeatedly is that the excess charge of the metal mductor 
comes from the immense resources of tae earth The reason why the 
disc eventually loses its charge is tnat air is not a perfect insulator, and, if 
moist, conducts appreciably Hence experiments wath frictional electricity 
can only be rehea on to give the results descnbed, if performed m relatively 
dry conditioiu. 

THE NATURE OF LIGETTNING 

If the metal disc of the electrophorus is brought near an electroscope 
before sparkmg it is found to be charged After sparking it is no longer 
charged A spark therefore accompames the ducharge of an electrified body 
Careful observation shows that the spark occurs immediately before the 
finger touches the edge of the metal plate Indeed, it is not necessary to touch 
the plate, if the finger or any earthed conductor is brought near enough 
This means that when an uncharged body is brought very near one which is 
highly charged, the mtervenu^ air ceases to insulate and acquires the power 
to conduct electricity, a phenomenon accompamed by the evolution of great 
heat The production of light, heat, and soimd m the spark without the 
accompaniment of tdiemical decomposition of combustible material naturally 
attracted attention It did so partly because of its oddity but also because it 
was the first natural phenomenon which suggested any resemblance to one 
of the most familiar and hitherto mexphcable diaractenstics of storms 

The crackle of the spark which occurs when a charge is neutralized by earth- 
mg is a immature fhunder dap In everyday life thtmder is commonly 
followed by ram, and there is nothmg unlikely m the supposition that the 
drops of moisture m douds acquire an dectncal charge by ftiction with the 
atmosphere This view was stated by Wall, a firend of Boyle, m a paper 
published m the Philosophical Transactions of the Royal Society m 1708 In 
It he suggested that the luminous crackling of rubbed amber *‘seems m some 
degree to represent thunder and hghtmng ” A year later Hawksbee published 
his book Physico-Mechantcal ExpenmentSy and therein descnb^ a glass 
frictional machine somewhat similar to von Guericke’s Benjamm Frankhn, 
who founded the first Amencan Academy of Saences at Philadelphia to 
advance ‘‘useful knowledge” m 1743, was fiired with mterest for the new 
discovenes and their possible apphcations to thunderstorms The damp 
atmosphere of England and HoUmd is not well smted for experiments on 
fncuonal dectnfication, because it is not a good msulator Hence reliable 
results are difihcult to get, and require careful precautions which presuppose 
some knowledge of the phenomena themsdves Philadelphia, where Frankhn 
began his espenments about 1747, has a more propitious dimate because 
the prevailing north-west wmds are depnved of moisture m their passage 
over the Amencan continent, where the severe fiost keeps the air di^ 
m the winter. As Crowther remarks of Frankhn and his ftiends m American 
Men of Saatcey "striking, easily repeated espenments assisted them to 
think out clear-cut theories ” 
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Besides being a statesman, Benjamm Franklin was a man of science and a 
pioneer of secular scientific humanism It was he who first mtroduced the 
terms positive and n^ative electricity He also proved the identity of thunder- 
storms and frictional phenomena by a classical experiment first earned out 
m 1752 This experiment was the basis of the first practical apphcation of 
electricity m everyday life Durmg a thimderstorm near Philadelphia, Frank- 
Im flew a kite provided with a metal pomt connected with the wet hempen 
stnng To the lower end of the latter a key held by a dry silk cord to a tree 
was attached From the metal key sparks were drawn off m rapid succession, 
whenever it was touched This at once led to the mvention of the hghtmng 
conductor A hghtmng conductor is simply a metal rod projectmg well above 
a b uildin g at Its upper end and sunk deep m the earth When a charged cloud 
18 above, the conductor acquires a charge which leaks to earth If a discharge 
does take place the conductor acts like the finger apphed to the edge of the 
charged electrophorus, neutrahzmg the charge by earthing 

Till the beginning of the eighteenth century these new phenomena 
exhibited by bodies subjected to fheuon had been comparatively insignificant* 
About the middle of the century attempts to improve Ae msulation of simple 
frictional machmes like those of von Guencke and Hawksbee led to new dis- 
coveries about induction and the fortuitous mvention called the Leyden Jar. 
The Leyden jar, so called after the home of its Dutch mventor, added a 
third to the list of electneal properties of matter, and threw.hght on another 
mystery of outdoor life From anaent times it had been known that certam 
fishes, like the electric eel, can impart powerful ‘^shodcs*^ which produce 
violent muscular contraction, and may even kill an animal as hghtmng some- 
times kiUs men The mventor of the Leyden jar is alleged to have said that 
he would not have repeated his prmapal experiment with it, if he were 
offered the crown of France 

An experiment with a metal mductor like the one m Fig 312 helps us to 
understand the Leyden jar, which is the parent of the “condensers” now 
used so widely as part of radio eqmpment If a charged conductor is con- 
nected by a wire with the knob of an electroscope, the leaves wiU diverge 
They do so because they then share the excess of positive or negative charge 
on the conductor If another msulated conductor is brought near the first it 
will have htde effect on it unless it is earthed If it is coimected to earth, 
the divergence of the leaves of the electroscope will noticeably dimmish as 
It approaches it, and return to their ongmal position when it is taken away 
Although the conductor coimected with the dectroscope appears to be less 
highly charged while the earthed conductor is near it, wh^t happens is not 
due to the fact that the first has permanently lost any charge All that has 
happened is that the distribution of the charge between the conductor and 
the electroscope connected with it is temporarily changed* 

When the same source of heat is apphed to two d^erent bodies for the 
same time, i e when two bodies receive an equal “amount*’ of heat, the 
temperature they reach is determined by their thermal capaaties. So by 
analogy with what happens m our last experiment, this is described by saying 
that the “capaaty” of the conductor has been mcreased* The heating effect of 
two bodies brought to the same temperatute (e g by imtneirsipn m water 
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kept at the boiling point) depends on their thermal capacities We may 
therefore press the analogy further by asking whether there is any difference 
between the electrical effects (attraction or spark) e:^iiibited by conductors 
of different capacities charged up to the Lmit from one and the same source, 
e g by repeatedly connectmg them ^ith the charged plate of an electrophorus 
A Leyden jar (Fig 313) or any other “condenser” is simplv an arrange- 
ment m which a conducting surface is separated by msxilating material 
from anothei conductmg surface which can be earthed The variable air 
condenser of radio equipment consists of two sets of parallel metal vanes 
separated by air One set may be earthea and the other can be connected 
with a source of electric charge The Leyaen jar is jUst a bottle covered up 




The fact that the attractive (or repulsive) power of a charged conductor is diminished 
by the presence of a neighbouimg earthed conductor is shown by the fact that the 
gold leaves diverge less when the uncharged metal cup is brought near the charged 
metal sphere connected with the electroscope 


to the neck on the mside and outside with tinfoil The outer coat is earth 
connected The inner coat is connected with a metal rod held m the neck 
The metal rod usually has a knob at its free end, and this can be charged by 
repeated apphcation of the metal collector of the electrophorus or any other 
“electrical machme ” 

To generate large frictional charges, various types of machines had been 
designed on the same hnes as that of von Guencke by his successors If 
we go on rubbmg two bodies (e g a rod of glass and a piece of silk) beyond 
a certain pomt no mcrease of electnficauon takes place That is to say, the 
attractive power is not mcreased A crackhng soimd is heard mdicatmg that 
further mcrease is checked by sparkmg, which allows electric charges to 
escape. The problem of generating powerful electrification is therefore to 
let one of the bodies discharge mto a conductor of high capacity^ and to let 
the other discharge to earth at the same time How this is done m ffictional 
machines which evolved from that of von Guencke is illustrated by a type 
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like Wmter^s, which can be made with a gramophone record (Fig 314) The 
collector of high capacity is a metal knob (A) connected with a pair of metallic 
combs, the points of which nearly touch the vulcamte (or glass disc) When 
the latter is charged to the limit sparkmg occurs between the disc and pomts, 
and the collector becomes charged The disc rotates agamst a pad of silk or 
flannel, which is rubbed with an amalgam (liquid alloy) of mercury and zmc 
or tm This dmgs to the pad, w^hich is earthed^ and carries off the charge to 
earth 

When the collector is full}’ charged bright sparks can be obtamed when 
the finger or anv eaithed conductor is brought up to it, and the sparkmg 
contmues at regular mtervals as long as the machme rotates If the knob (B) 



Fig 313 — Section of a J-eyden Jar Showing the Two Metal Coats 

of the earthed conductor is brought very near to that of the collector small 
sparks follow m rapid succession If it is withdrawn to a greater distance the 
sparks occur at much greater mtervals, but they are more bright and more 
noisy Smce greater brightness of the spark may be regarded as a sign of more 
mtense elecd^catton, this means that more mtense electrification is required 
to break down the msulatmg power of a long column than to break down 
that of a small column of air m the spark gap, and that it takes an appreciable 
time to reach the mtensity at which sparkmg occurs Thus if the gap were 
closed by a metal wire the mtensity produced would be n^ligible and 
electrification would be dissipated as quickly as it was produced If the width 
of the spark gap is kept the same, and the connector is connected by a wire 
with the knob of a Leyden ^ar whose outer coat is earthed, sparks occur at 
longer mtervals and are much brighter and louder than before Also powerful 
shocks are obtamed by touchmg the collector If, when there is no ccmductor 
near the collector to permit sparkmg, the wire connecting it to the Leyden 
jar IS disengaged with a glass rod or other insulator, a powerful shock can 
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still be obtained by touching the inoo of the latter Hence the condenser 
acts as a store of eleciitfcat ji-st as added to a hettle at the same 

temperature as itself acts as a store of beat 
Thus every specif c feature a rbunderstcmi could now be imitated m 
the laboratory The progiess \i^Lacn ensuea auer the disco'.^erj of the 

Leyden jar ^as fosterea tiie fact that it prowded a nevv mstrument of 
chemical research at a tiire 'viren cneiTucal inddstr^ ’vias eirergmg and 



Fig 314 

A simple frictional machme, which can be made out of Meccano parts and a gramo- 
phone record The pad may be flannel on which an amalgam of mercury and zinc is 
rubbed to conduct away the charge acquired by rubbing against the vulcanite disc 
by an earthed conductor When the charge on the disc reaches a certam intensity 
sparking occurs across the metal comb charging up the conductor A which is mounted 
on an insulating stand If B is earthed sparl^ will occur if the gap AB 1$ small enough 
The size of the sparks and the interval between them are mcreased by insertmg the 
two coats of a Leyden jar across the spark gap 


chemical discovery was progressing rapidly. Pnestley demonstrated to a 
group of his friends the explosion of a mixture of hydrogen and oxygen with 
a spark from a frictional machme in 1776. Following this due, m 1781 
Cavendish established the composition of water by showing that an electric 
spark mtroduced by wires mto a closed vessel containing a mixture of **one 
meastire of oxygen with two measures of inflammable air^* (hydrogen) 
produces pure water with no residue Four years later the great French 
chemist BerthoUet showed* that repeated sparkmg resolves ammonia mto 
its constituent elements, hydrogen and mtrogen 
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The ideology of the encyclopaedists also created a favourable atmosphere 
for further enquiry The novelty of the shock exated the attention of the 
physiologist, chiefly perhaps because it raised m a new form a quesuon 
which had been debated by the French matenahst La Mettne In everyday 
life we speak as if death were a qmte abrupt change which mvolves the 
whole orgamsm Dunng the first half of the eighteenth century La Mettne 
pomted out in U Homme Machine that this is not mvanably true A decapi- 
tated fowl which is legally dead may contmue to run about for a short while 
Qearly the lawyer’s defimtion of the qmck and the dead might profit by 
further elaboration Smce any of the detached muscles of a freshly decapi- 
tated frog can be made to contract over a penod of many hours by apphca- 
non of electnc shocks, experiments with electncal machmes showed that 
death occurs piecemeal, as La Mettne had argued 


THE ELECTRIC BATTERY 

In the course of experiments on frogs, Galvam, an I t a li a n biologist, made 
a fortmtous observanon which had vast and unforeseeable results Galvam 
showed that the muscles of the leg of a freshly “killed” frog will contract if 
touched simultaneously with two different metals, e g. a piece of zmc and a 
piece of copper. There is no need to traverse the course of subsequent 
mvesnganons which qmckly led up to the discovery of the ceU or battery 
It IS enough to say that the same result is obtamed if we touch a nerve or 
muscle with the free ends of two wires of the same metal, when their opposite 
ends are connected to two different metals immersed m a watery solution 
of salt (like the fluid which bathes the body nssues) or other “electrolyte” 
(ptde p 467) Such an arrangement is called a cell To get powerful and 
reliable effects it is better to use several cells connected “m senes,” that is to 
say, having an “electrode” of one metal m one cell connected with the 
electrode of the other metal m the next cell The mvention of such an arrange- 
ment of cells called a “battery” was made by Volta, also an Italian saentist, 
m the closmg years of the eighteenth century Volta’s battery or ^‘pile” 
consisted of circular discs of copper, zmc, and cloth pads soaked m dilute 
sulphunc aad, arranged m the order copper, aad, zmc, copper, aad, zmc, 
copper, aad, zmc, etc With many such plates powerful sparks and shocks 
could he obtamed when wires from the end plates of copper and zmc were 
brought together 

With Volta’s pile, or any other battery m which different elements (zmc 
and copper, zmc and carbon, etc ) are bathed m a solution of electrolytes, 
a group of new phenomena were encoimtered The same word electncal 
was applied to them, partly because the spark and the shock were now 
identifi^ with its use, and also because the sparks and shocks obtamed 
with the battery are only produced by connecting the terminals with con- 
ductors such as metal wire As a matter of feet, many years elapsed before it 
was possible to prove that all the phenomena pi^uced by an electncal 
machme can be obtamed with a battery, or, conver^y, that all the phenomena 
which are characteristic of a battery can be demonstrated with an electncal 
machmc 
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The first of the new phenomena was the discovery that bubbles of gas 
are produced when the free ends of wires connected wnth the temimals of 
a Volta pile are immersed m water In ISOO two British chemists^ Nicholson 
and Carlisle^ accomplished the decomposition of water mto its elements by 
means of the electric “currenta” a demonstration soon followed by Davy’s 
discovery of the hght metals Till then the stud^ of electrical phenomena had 
produced no results of great social importance Henceforth it participated 
in the new impetus which theoretical chemistry received from the growth of 
new chemical industries 

The production of sparks and shocks by factional machmes had been 
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abrupt and discontmuous The chemical decomposition produced by a 
battery is steady^ and this is also true of anoth^ effect Heat is produced 
by a factional machme when the insulatmg power of the air is momentarily 
broken down and a sparkmg discharge occurs If the ter min al s of a battery 
are connected a steady production of heat is maintained m the wire For the 
maintenance of this contmuous output of heat and chemical charge the 
word current electricity^^ m contrad^tmction to ^"fncUondl electricity came 
mto use The significance of the metaphor will be e xamin ed m detail 

later on . ^ ^ j i * 

The second characteristic of current electricity > like the firsts led almost 

immediately to important chemical novelues About three years after the 
covery of the light metals m 1810, Davy observed that a spark ftom a powerful 
battery (upwards of two hundred cells) could be mamtamed between two 
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sticks of charcoal When the carbon rods are brought close together^ the 
spark causes minute white-hot particles to fly across the gap creatmg a 
conductmg medium Once this is established the rods can be drawn 
apart as far as four mche<i while still maintaining a b ri l lian tly lummous and 
contmuous spark '^^ith this first arc lamp^ such as is still used m magic 
lanterns^ Daw hghted his lecture room at the Royal Institution In the wom- 



¥ 


Fig 316 

The deflection of a magneuc needle when a current flows below it or above it through 
a wire placed along the magneuc meridian The North Pole is shaded 


out crater at the ends of the carbon rods^ he was able to melt platmum, 
quartz, sapphire, lime, and other substances which had hitherto defied the 
power of heat He also succeeded m bummg diamonds This led to the 
discovery that diamond is elementary carbon 
Ten years later a third group of phenomena of immense importance were 
discovered on the contment by Oersted and Amp^ Oersted foxmd that a 
magnetic needle suspended m the neighbourhood of a wire connected with 
the terminals of a battery is deflected out of its nonnal orientation along the 
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magnetic mendian Thus a wire comeymg a cuirent has magnetic properties 
This observation \vas followed by the discover} that a piece of iron roimd 
which a coil of wire is wound behaves as a magnet while the wire is con- 
nected at Its ends with the terminals of a batter5^ Thus a magnet can be made 
and destroyed by simply tunixng a swrch TFig 3i7> which completes or 
breaks the circuit of conducting material A piece of iron mounted on a 
spring which allows it to move tov^aras another p^ece when the latter is 
magnetized by an electric current can itself be m. ce into a switch so that 
every time it moves contact is broken and atti action ce?ses attraction 




]Rcv22r^?ing Switch (^coirumttatcT-) 


Simple 

Swvteh 



Fig 317 

A simple lever switch (below) for turning a current on and off, and a reversmg switch 
which also changes the direction of a current Insulating matenal shaded 


ceases it springs back, remaking contact, and so buzzes to and fro This is 
the pnnciple of the electric bell or buzzer (Fig 319) 


FOUNDATIONS OF ELECTRICAL INDUSTRY 

These empincal discovenes relating to the phenomena of current elec- 
tnaty lend diemselv^ readily to the mvennon of a vanety of devices Like 
the earliest steam engmes, such mventions did not m themselves require 
an elaborate basis of theoretical knowledge Theory emerged from the needs 
of practice Chemical materials of guaranteed punty and economy of output 
demanded a theoretical basis, when chenucal manufacture began to extend 
So It was with electnaty. Once such mventions bad become articles of 
economic unportanoe:, how to produce a guaranteed product and how to 
achieve economical design, each raised a host of new theoretical issues In 
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the social context of expanding manufacture — espeaally m America — ^manu- 
facturers were more disposed to acquire patent rights and exploit mventionSj 
which now multiphed with astomshmg rapidity The chemical effect was soon 
adapted for commercial purposes m electroplatmg, which consists of decom- 
posmg the salt of one metal so that particles of metal are deposited on another 
piece of metal connected with one of the poles of a batteryj just as bubbles of 
hydrogen collect at one ‘‘pole” when water is decomposed As early as 1845 
Wright’s arc lamp was used to hght the streets of Baltimore Swan and 
Edison mdependendy made the carbon filament lamp about the year 1879 
In contemporary life electnc weldmg, electric cookmg, and the electnc 
furnace used m metallurgy, as well as hghtmg, are applications of the heatmg 
effect of the current The deflection of the compass needle by another magnet 


I? 



Fig 318 

A simple commutatoi or reversmg switch worked by a handle Insulatmg material 
shaded As drawn no current flows m the circmt A slight clockwise turn connects 
B to Q making C negative^ and A to D, makmg D positive A slight anu-clockwise 
turn connects B to D, makmg D negauve, and A to C, making C posiuve 


had been suggested as a means of signallmg m the seventeenth century 
While only permanent magnets were available magnenc signallmg remamed, 
like so many of the known electrical and magnetic phenomena of the age, a 
“marvel of saence” or more bnefly a toy The possibflity of makmg or destroy- 
ing magnetic attraction by switchmg on or switchmg off a current now made 
It a practicable device for transmitting messages over long distances 
The discovenes of Oersted and Ampfcre were immediately apphed to this 
end Ronald devised a telegraph m 1823, and another was made by Cooke 
and Wheatstone about the same tune The telegraph was taken up by the 
railways firom the start Crowther tells us 

“its practical value was first demonstrated through its assistance m detammg 
a murderer who was escapmg by tram to London It happened that the tele- 
graph had been set up as a demonstration umt at the station where murderer 
boarded the tram A description was wired to London, and he was arrested as 
he got off the tram*” 
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The discovery of electromagnetism happened when Western avihzation 
was nndergomg a new revolution m transport In the ensumg decades tne 
telegraph became essential to the great rail^vay systems throughout the 
Umted States, and its improvement offered ample scope for mventive 
mgenmty Crowther says that when Edison was employed as a telegraphist 
on the railways m hiS youth, mght operators were required to send hourly 
signals to show that they were awake For his personal convemence Edison 
devised a clock which made time signals automatically Edison^s later m- 
ventions sponsored the far-flung trustiflcation of American industry The 
telegraph became ‘^‘the httle mother of the Great Trust,** and placed a 
decisive rdle m the triumph of the industrial North durmg the Civil War 
The first cable from Bntam to the contment was laid m 1S51, and by 1865 



Fig 319 — ^Principle of the Morse Sounder and Electric Bell 

The current can only flow round the circuit when the switch is pressed if the screw A 
touches the spring which carries the piece of soft iron B B is attracted to the iron core 
of the coil when current flows, forcing down the spring, and so breaking the contact 
at A The core then ceases to be a magnet B sprmgs back and contact is made once 
more This goes on as long as the switch is pressed 


cable transxmssion to Amenca was successfully completed after several 
attempts begmmng m 1857 The earhest telegraphs transmitted signals by 
deflection of a magnetic needle right or left by reversal of the direction of the 
current (Fig 321) with a reversmg switch or commutator (Fig, 317) Later 
the Morse system of signalhng by long or short taps with a Morse receiver 
(Fig 319) replaced them Electnc motors of the type (see p 353) first 
designed on the same pimaple as the bell and ihe magnetic crane for hftmg 
steel are further examples of the magnetic phenomena of the current m 
daily use 

The extensive application of these mventions was limited at first by the 
fact that current electnaty produced by chemical decomposition m the 
voltaic cell is costly Until other means of obtammg it were discovered, the 
use of decmaty was therefore restricted to specific purposes fi^r which 
there were no simple alternatives* In Bxitam, where the mdustnal capitalism 
of the nineteenth century rested on heat as a form of power, heat con- 
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tmued to be the main agent of cheimcal manufacture and of power produc- 
non Only durmg the last fifty >ears has there been a vastl> more elffiaent 
substitute for an economy based on heat Its extensive exploitation is confined 
to counmes where vested mterests m the pre-existmg technology are less 
powerful rVtan they are m Bntam We shall come to that m a later 
chapter 

FRICTIONAL AND CURRENT ELECTRICITY 

It Will help US to understand some of the phenomena which we shall meet 
later, if we now pause to discuss a question raised earlier Two of the three 
characteristic phenomena exhibited by frictional machmes — the production 
of sparks and the power to evoke muscular contraction — ^have been seen to 



be characteristic of the battery An additional similanty is that electncai 
power from either source can be conveyed by the same classes of substance — 
metals and mineral solutions The most characteristic feature of electrifica- 
tion produced by friction is attractive power, and the two most characteristic 
phenomena of the battery are chemical decomposition and the production 
of a magnetic field If the wire from either of the terminals marked on a 
battery with the sign + or — is brought near a suspended pith ball or small 
fragments of paper no evidence of attraction will noticed If wires from 
the collector and the unearthed pad of a frictional machine are dipped m a 
solution no bubbles are generally noticed, and if the wires are jomed there is 
no noticeable deflection of a compass needle m the neighbourhood We are 
therefore, tempted to conclude that the resemblance between frictional and 
current electnaty is merely superficial and does not justify the use of the 
same word for both* 

If we pursue the analogy of flow which proved suggestive in directing 
earUer enquiries mto tbcxmal equihbnum, ^ere is one cttcumstance that 
helps us to see how a difference might anse between the way m which 
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dectnaty is produced When a conductor blie brass is held in the hand, 
rubbiag evokes no display of electrif cation If ii is insulated by a glass 
handle, it can be electrified bv ruboing just as the insulator itself can Meta- 
phorically we describe tms sa5mg that when nere is no insulator to 
obstruct Its flow electrification is com eyed awa^ as qi-u.cldy as ir is produced, 
and w^hen the flozc is prevented it accumulates tii it re"»cnes a high level 
of intensity Experiment shoves tnat when a charged nod> is touched wnth 
an earthed conductor the attraction disaopear« m the twmklmg of an eye 
The flow of electricity — to continue the metanhor — ^is only momentary like 
the spark Assuming for the moment that both phenomena ne essenUally the 
same, we may therefore draw tw^o provisional conclas ons One that m the 
frictional machme the Sow of electTiCity m the snar-\ discharge is of very 
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Fig 321 — ^Telegraph Circuit 

A needle telegraph circuit consists ot two magnetic needles mounted on a vertical 
dial, with electromagnets on either side, two reversmg switches, and batteries Since 
the current goes through both dials, the operator sees the signal he is transnutung 
In lb37 It was discovered that we can dispense with one line if metal plates are sunk 
deep m the earth which then acts as a su&ciently good conductor 


short duration The other is that if the pad and the collector are joined by a 
wire electrification does not amount to a high intensity So the flow is very 
shght 

If we make these assumptions two conclusions follow An ordmary compass 
needle is heavy On account of its mertia it needs ume in which to move 
appreciably If the production of a magneuc field is contingent on the dis- 
charge of electnaty, the flow must therefore contmue for an appreciable 
time to exert any visible effect Then again chemical decomposition mvolves 
action for some time before it reaches measurable dimensions Hence we 
should not expect the momentary discharges obtained by connecting the earth 
pole and collector of a fiictional machine to produce very striking effects On 
the other hand, the current which flows through a wire connecting the pad 
to the collector, when the former is discoimected from earth, may not be 
suffiaently large to achieve any result unless very sensitive instruments are 
used It IS quite easy to show both chemical and magnetic effects due to 
t>odUes eJectafied by friction, if we pay attention to these considerations 
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A very sensitive indicator of chemical decomposition by the dectnc current 
IS a stnp of paper soaked m a solution of potassium iodide and starch paste 
Potassium iodide is broken down by an electric current m much the same way 
as sodium chloride (p 470 ) is broken down m the Castner process Iodine is 
hberated as is chlorine m the latter Starch turns deep blue m the presence 
of lodme, and it is sensitive to extremely mmute traces If the ends of two 
pieces of wire connected with the collector and pad of a fiictional machine 
are apphed to a piece of blottmg paper soaked m iodide and starch paste^ a 
blue region is formed round the end of the wire connected with the positively 
charged conductor The same result occurs when the ends of the wires are 
connected with the two electrodes of a voltaic cell The blue colour appears 
round the end of the wire attached to the copper plate For that and other 
reasons the copper plate is called the positive and the zmc plate the negative 
electrode of the cell 

It is easy to show the magnetic effect of frictional electrification with 
modem apparatus Just as a magnetic needle suspended m a coil of wire is 
deflected when current flows, a coil free to move between the poles of a 
magnet is also deflected when a current flows Such an arrangement can 
be used for detectmg a current, and is called a galvanometer Galvanometers 
can be made with high or low mema That is to say, the time taken for a 
deflection to reach its hmit may be several seconds or a mmute fraction 
of a second If we connect one pole of a galvanometer (Fig 350 ) of very 
‘‘high frequency’® (1 e low mertia) to earth and the other to one terminal of 
a condenser of hi^ capacity, a noticeable deflection is obtamed when a 
vulcamte fountam pen rabbed against the sleeve is apphed to the other 
terminal of the condenser. The direction of the swing of a galvanometer 
connected to a battery depends on which terminal is connected to the positive 
and which to the negative electrode It is easy to show that a posmvdy 
charged rod apphed to the terminal of the condenser m the arrangement 
just described produces a swing m the opposite direcuon to the swmg 
produced by a negativdy charged rod, if the same connections are used, and 
m either case the r^ult obtamed is reversed when the terminals are mter- 
changed In this way we can confirm the conclusion that the zmc electrode of 
the voltaic cell is the negative and the copper electrode the positive one This 
IS confirmed by the feet that the + terminal of a battery connected to a 
sensitive positively diarged gold-leaf dectroscope makes the leaves diverge 
more 

We can therefore sum up the observed difference between the effects of 
frictional and current electncity by saying that the former exhibits very 
powerful momentary (spark or shock) effects or effects (attraction) which do 
not entail the loss of electrification, while the latter exhibit relatively weak 
momentaiy effects or attractions On the other hand, frictional dectrification 
usually results m very weak effects (magnetic or chemical) whidi dqpend on 
the maintenance of the contmuous flow which accompames chemical (1 e 
voltaic) electrification That there is no mcompatibility in their essential 
identity is easily seen, if we remember what we have learned from the study of 
heat Every ph3rsical change has two measurable aspects, one which may be 
described as the mtensity fector or potential, the other the capaci^ fictor. 



A very small change is possible when either of these is large provided the 
other is very small A drop of boiling mercury let fall m a bath of cold water 
experiences an immense change of thermal potential (temperature) The 
momentary flow of heat is large, but averaged out over a measurable mterval 
of time It represents a small quantity A astern of water at 20° C emptymg 
rapidlv mto a half-filled bath at 19° C till it is full represents a very small 
change of thermal potential^ but a steady flow of heat over a long period, and 
the change m potential which occurs per umt quantity of matter is actually 
greater 

An analogous distinction which applies to electrification by fhction is 



Fig 322 — ^Fabaday’s Experiment to Show that the Induced and Inducing 
Charges are Equal and Opposite 

If a charge is induced in the conductor C by the electrified disc A, the leaves of the 
electroscope remain equally divergent after disdiarging A by contact with C so that C 
absorbs all the charge on A 

illustrated by a demonstration first earned out by Faraday and called his 
“ice pail experiment ” To detect dectnfication an dectroscope is connected 
with a hollow metal conductor (C) mounted on an msulating stand and 
provided with an aperture at the top through which a small metal disc (A) 
with an insulating handle can be inserted To start with, the dectroscope is 
uncharged, and the metal disc A is charged like that of an dectrophorus 
The experiment may then be earned out as foUowrs * 

(i) The disc A is hdd above and dose to the electroscope, the leaves of which 
diverge widdy, and collapse when it is withdrawn 

(n) It 18 hdd carefully mside the conductor C without bemg allowed to 
toi^ it An opposite charge is mduced on the mside of C and the leaves of 



658 Science for the Citizen 

the electroscope diverge this tune not so widely as in (1) They collapse when A 
IS withdrawn, since C is not earthed 

(m) It IS again tested by itself, producing more divergence of the leaves 
of the electroscope than when held mside C The leaves diverge as widely as 
m (1) 

(iv) It IS placed again inside C The leaves of the electroscope diverge as 
before (see u), and they remain in the same position if A touches the surface 
of C and when A is withdrawn after touchmg it 

(v) The leaves collapse when the wire connesaon is removed and the electro- 
scope earthed If A is agam held over the electroscope and if the surface of A 
IS small compared with that of C it produces no deflection, 1 e it is discharged 

Takmg mto account the last fact we may say that C becomes as highly 
decirtfied as A was before the latter touched it Nevertheless, the power of A 
to make the leaves of the electroscope diverge when transferred from C 
through contact or mduction is less than the power of A to do so by itself 
Regarded as a source of electrification A parts with all it has to C, without 
conferrmg on C as much power to produce divergence This is usually 
described by saying that after absorbmg the charge of A, C has the same 
charge or quantity of electnaty but is not raised to the same dectncal 
potential A close analogy drawn from the flow of water under gravity is 
illustrated m Fig 323 In a vessel filled with water the height of the flmd 
determines its potential or power to raise the fluid m another vessel, and the 
sectional area determines to what height, 1 e potential, the flmd content of 
the vessel can be raised when a given quantity of water flows mto it from a 
tap The bulk or quantity of water determines the potential if the sectional 
area is fixed 

So m electrification we can distinguish between (a) electrical potential which 
determmes the direction and redistribution of electrification, (6) quantity of 
electnaty or charge which depends on the source (e g. how long we have 
turned the handle of a fnctional machine or how hard we have rubbed a 
glass rod), and (c) electncal capacity which determmes how long a source of 
electrification must be supplied before the potential reaches a particular hmit 
showm by the longer mterval between sparkmg when the two terminals of a 
Leyden jar or other condenser are coimected to those of a frictional machme 
The analogy can be pushed farther A very high pressure head of water vnll 
open a sprmg valve, dischargmg the contents So also a limitmg potential is 
reached when further chargmg results m the breakdown of msulation and an 
electncal discharge 

Thus fnctional electnaty is generally associated with high “potential ” 
It can therefore produce mtense momentary effects just as a drop of boilmg 
mercury can bum the skm badly though the beatmg effect on the body as 
a whole is negligible On the other hand, battery electnaty is not associated 
with very high potential though its steady character may mvolve the decom- 
position of a large quantity of matter In seeking for a suitable way of 
measuring electncal output and electncal effiaency, we have first of all there- 
fore to find some way of comparing the mtensity level or potential which is 
characteristic of the generator If the generator is a battery this is sometimes 
called Its electromotive force (E M F ) We have also to find some way of 
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measuring the other aspect of electncal change corresponding to thermal 
capacity As long as we suck lo one ’vind of matters therm^ capaaty is defined 
m terms of the amount of matter ("mass') mvolved in a thermal change Simi- 
larly, we may take a criteron of eiectrea! c^^anges the amount of matter 
decomposed The airoum o^ matter of r na.ticuiar kmd decomposed in 




Fig 323 — Fluid Analogy of Electrical Potential, Electrical Capacity and 

Charge Acquired by Friction 

Above — The positive difference of potential p between the small vessel A and the large 
vessel B means that A has the power to raise water in B when the connectmg tap is 
turned on The difference of potential between the two large vessels B and C is zero, 
and there will be no fiow 

Below — ^The potential difference P between A or C and B is the same, but the large 
quanaty of water m C can make B overflow whereas the small quantity m A cannot 
do SO 


unit tune cortesponds to what is called curratU The units of potential 
and current are the volt and the empire By international agreement the 
volt IS chosen so that the E M F of the Weston Standard Cell at 20“ C is 
1 0183 volts. By mtemational agreement the amp^ is so chosen that 
0 001118 gram of silver is hberated m one second ^m a solution of silver 
ni tr a t e, when a steady current of 1 amp&re passes across the ends of two 
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metal plates dipped m it In the next chapter we shall see how the voltage 
of a generator, or the amperage of a circmt m which a current is flowmg are 
measured and why it is useful to do so 


MEASUREMENT OF ATTRACTIONS 

The costmg of electrical power depends on two ways of measurmg it, one 
by Its chemical action, the other by its magnetic effects In the next two 
chapters we shall only use the chemical method, because it rehes on relatively 
simple mathematics On the other hand, the magnetic effects are generally less 
laborious to record So there are advantages m usmg either system of measure- 
ment The cheimcal system is suggested by analogies which arose naturally 
out of the pre-existmg social context of power production The magnetic system 
IS based on the earher mechamcs of Newton’s period Although we shah not 
use It in this book to solve any practical problems, a brief account of the 
fundamental law of attraction m magnetism and electricity may help to clear 
up difficulties which the reader may meet m elementary textbooks on the 
subject It wih also illustrate an important feature of saentifLc discovery If 
It proves difficult, the reader need not be discouraged The rest of this book 
does not depend on it 

Fruitful generalizations m science are sometimes the result of piecmg together 
several more restricted rules suggested by direct experiment Newton’s umversal 
gravitation is a rule of this kind Experiments on falhng bodies, on the mclmed 
plane, on the pendulum, and on projectiles, suggested a sequence of simple 
rules which approximately describe the circumstances of relatively slow 
terrestrial movements when there is htde faction They are also able to yield 
results of very high precision when motion occurs m a vacuum without sohd 
contacts Newton’s hypothesis combmed them m a more general rule which 
describes the motions of celestial bodies m empty space The wave theory of 
hght gave us an example of another way of discovering laws of nature by 
testing a “hunch” suggested by analogy Scientffic laws discovered m this way 
are liable to mystify us, because books on science do not always explam how 
the discoverer gets his *ffiunch ” This is particularly true about the law of 
attractions m magnetism and frictional electricity The design of experiments 
first made to test its truth would nev^ occur to anyone, unless he already had 
a strong disposition to beheve it Confidence of this kmd is a common feature 
of successful experimentation It is not explamed by calling it inspiration, 
gemus, or mtuition On closer examination it is usually seen to be rooted m 
the social expenence and tradition of the saentific worker, the groove m which 
his mtellectual mterests run, and the apparatus of symbols which he has been 
tramed to use 

The first stage of speculation on the motions of the planets took place when 
the study of magnetism was beginnmg, and the analogy of the earth’s terrestrial 
magnetism to the central attraction which keeps the planets moving m curved 
orbits was raised m the earliest discussions of gravitation by Kepler and his 
contemporaries The analogy is not complete, because the pull of terrestrial 
gravitation applies equally to iron and to non-magnetic substances So mag- 
netism is not responsible for the motion of the heavenly bodies Newton’s 
theory attributed the attraction between the planets and the sun to the infiuence 
which any piece of matter has on another This is m direct proportion to its 
mass when the distances are equivalent Otherwise the effect diminishes m 
proportion to the square of the distance Put m symbohc ffirm, with the S3mibols 
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m foi one mass^ AI for the oiher^ D for the distance^ and F for the attractive 
force between their centres it is^ 


Foe 


iwM 

■D2 


or^ if G IS a constant for all circumstances of gra\^tational pull 

y/’M * 


F = G 


D2 


In Newton’s theory the force exerted on 1 unit of mass by a body of mass M is 


G 


M 


This IS called the strength of the gravitational held at any pomt on the surface 
of a sphere of radius D about the centre of M Newton’s toUowers, who 
devoted themselves to elaboratmg the theory of gravitation^ mtroduced a 
number of such measures for mappmg out the mtensity of a gravitational 
field 

So when the study of attractions took a new turn at the end of the eighteenth 
century, scientific workers were accustomed to think of attractions m terms 
of the mverse square law, and mathematiaans had elaborated a variety of 
ways m which a law of this type can be tested* Though it may not be the first 
rule which we ourselves would test, it was the first one which they would 
try out This bemg so, the apparently devious route by which the truth of the 
law is estabhshed as a basis for measuring magnetic phenomena was not such 
a miraculous process of guesswork as a formal statement of the reasomng 
mvolved would tempt us to believe Calculatmg devices, such as “surface 
density,” “potential,” and “field strength,” were mtroduced mto the study 
of fnctional charges and magnetic attractions by analogy with corresponding 
ones m the mathematical elaboration of Newton’s theory All that remamed 
was to adapt one or another aspect of the theory to the limitations of experi- 
ment The chief limitation imposed on e:^enment by the nature of magnetic 
phenomena is that two opposite kmds of attraction are inseparable 

In magnetic as m gravitational attractions crude experiments show that 
we have to deal with two different aspects of force For instance, one and the 
same magnet placed at right angles to the magnetic meridian defects the same 
compass needle more when it is moved nearer to it, and less when it is moved 
further away This shows that the attraction depends on distance^ On the 
other hand, different magnets of the same size placed m the same positions 
may produce very different defections At the same distance apart some 
magnets are stronger than others, just as large masses have more attractive 
power than small ones. We may er^ress this by saying that the magnetic power 
of one magnet is greater than that of another 

The next tfamg is to decide how to measure this magnetic power* If magnetic 
attractions were of one kmd only we should be tempted to test out a law of 


* Since F is 981 dynes per gram at the earth’s sur&ce (see p 268), and the distance 
of the latter from the earth’s centre is 6 36 x 10® cm , and horn experiments like that 
shown m Fig 189 the mass of the earth is found to be 5 94 x 10®® 

grams, the value of G m the mtemauonal system of grams and centimetres is 
(8*36)® X 10“ X 981 
6 94 X 10*’ 


6 66 X 10~* 
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force m which nia and mt would stand for the magnetic power (called their 
pole strengths) of two poles in the formula 


o XT 


If we define poie strength by saying that the repulsive force of a pole of pole 
strength on ont. of pole strength mt is dynes when they are 1 cm 

apart> the constant K analogous to G must be umty, so we can rewrite the 
formula 


mantis 

D» 


The field strength of a pole w on a pole of umt strength will then be m — D® 
To carry the analogy further we have to take accotmt of another fact 
Except m so far as direction is concerned, a magnetized bar of iron has the 
same pullmg power at both ends For mstance, the weight of unmagnetized 
iron which each end can just hold against gravity does not sensibly differ if 
the shape and material is fixed The angular deflection produced by a bar 
magnet placed at nght angles to the mendian m either of the arrangements 
relative to the compass shown m Fig 327 is numencally the same, though 
opposite m direction, when north and south poles are reversed The pullmg 
power of the two poles is therefore equal m quantity and opposite m direction 
Smee we can represent movement m opposite directions by opposite signs, 
we must call the pole strength of the south-seekmg pole — if we call that 
of the north-seeking pole of the same magnet + ma According to the gravi- 
tation analogy the force between two north poles 4- me, at 1 cm apart 

would then be 4- the force between two south poles — rriai — 

at I cm apart would be — X — =*= 4“ triam^y and the force between a 

south pole — nia and a north pole + or a north pole 4- and a south 
pole — Wi, at a distance of 1 cm wotild be - x 4- = +WaX —we, 

— — Hence the negaave sign mdicates a force of attraction (unlike 

poles), and the positive sign mdicates a force of repulsion (like poles) 

We cannot yet go straight ahead to test the mversc square law m a form suit- 
able for measurmg magnetic phenomena by some simple method You might 
think that this could be done by mvestigating the lifting power of a bar 
magnet at difierent distances There are several reasons why this would not be 
convement Iron is heavy, and the distance at which a visible piece of iron 
can be lifted — except by very powerful magnets — small The results obtamed 
at different places would not be comparable, because the dipping needle shows 
us that the earth^s own magnetism has a vertical component It is therefore 
better to set about it in another way The angular deflection of a compass 
needle is easy to measure accurately, and its behaviour is therefore chosen to 
test the truth of the rule. 

When a very smaU m agnet such as a compass needle is firee to rotate m a 
magnetic field equal and opposite forces act on its two poles A pair of equal, 
parallel^ and opposite forces pullmg on either side of a fulcrum makes a lever 
xotate, unless it is balanced by a similar pair In mechanics such pairs are 
called couples The product formed by multiplying one of the equal and 
opposite forces with the perpendicular distance between them is* called the 
moment of the couple, and two couples balance when dieir moments are equal 
and opposite (Fi£,32Ji) £f a compass needle 13 placed m the earth’s field (Fig 
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32o)a a couple acts on the ts\ovcies e cept\\nen u *ies along me mendian When 
It does SO 5 the coun^e zeT*o 'ind me neeJ’e can oni\ de at rest when this is so 
Fig 325 snows mat tne hor zontsi cosrponert ot the earth^s field is and 
the pole strength ana lengtn of the magnet ^er; een tre poles are m and 2L 
respecti\ then the tno i*ent actnig on tne magret v*ncn it is deflected through 
an angle n is 2TrlLH sm n 

In pracnce the position of tne poles s rather mc^efimte so mat *t is imnossible 
to determjie m or 2L etacdy Tne nrod^ct or magfiet^c inoyyimt (Ai; of 




Fig 324 — ^Turning Couple 


The law of the lever is that (a) a pair of weights pulling m the same direction on 
opposite sides of the fulcrum, or (b) a pair of weights pullmg in opposite directions on 
the same side of the fulcrum, balance when the product of the weight and its dis- 
tance from the fulcrum is the same for each pair In the upper figure a weight 2 lb 
9 inches left of the fulcrum balances a weight of 3 lb 6 inches nght of the fulcrum 
(2 X 9 =* 18 =*3 X 6 ) and a weight of 3 ib 5 inches left balances a weightot 2 lb 
inches nght (3 x 6 = 15 = 2 x 7 In the lower figure 3 Ib 5 inches left pulling the 
lever up balances 2 lb 7J inches left pulling it down, and 3 ib 0 inches nght pullmg 
down balances 2 lb 9 mches nght pulling the lever up The two 3 lb weights consu- 
tute a turning couple which would make the lever rotate clockwise if they were not 
balanced by the two 2 lb weights tendmg to make it rotate anti-clockwise The law 
of the balance for two couples (1 e equal weights pullmg m parallel and opposite 
directions) is that they balance if their moments are equal and opposite The moment 
of a couple is the product of either of the equal weights and the perpendicular distance 
between them Thus the moment of the 3 lb couple is 3 (5 4 - « 33 The moment 

of the 2 lb couple is 2 (7 i -f 9) = 33 In more general terms, neglectmg signs, the 
pnnciple of the lever is tliat if two weights m and M, on opposite sides situated at 
distances d and D from the fulcrum, balance 

md AID 

If another identical pair weights M and suspended over pulleys, also balance at 
distances S and $ on opposite sides of the fulcrum, 

MS = ms 

md 4- — MD 4* MS 

ftkji 4" r) M(D 4" S) 


Hence 
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a magnet can however be determined, and may be defined as the couple that 
would act on the magnet when placed at right angles to a field of umt strength, 
so that sm a and H are both umty 

The field strength F at a given pomt is the lesultant force exerted at that 
pomt, on a pole of umt strength, by the attraction and repulsion of the two 
poles of the magnet Fig 326 shows how to calculate the value of F m two 
positions In position (a) the umt pole is in Ime with the two poles of the 
magnet If M is the magnetic moment of the magnet and D is the distance 
between the middle of the magnet and the umt pole, the field strength at the 
latter is given by 


(D2 - L2)2 


or where D is great compared with L 

F 


2M 

D» 



Fig 326 — h . Compass Needle Rotating Horizontally in the Earth’s Field 

If H is the horizontal force of the earth's magnetism on unit pole strength, the ends 
of the needle of pole strength m and — m are pulled (m opposite direcaons) by 
forces VLm and — Hw respectively These forces are numerically equal, and act m 
parallel and opposite directions So they constitute a couple like a pair of weights 
referred to m Fig 324 The moment of the couple is mH(AB) = 2mLH sm a, 
where L is half the distance between the poles There will be no rotation when the 
moment of the couple is zero, 1 e when AB is zero That is to say, ^e balanced 
posiuon 15 along the meridian If shifted from this a couple comes mto play restoring 
die status quo 


In position C^^), where the axis is at right angles to the Ime doming the centre 
of the bar magnet to the umt pole, the field strength is given by 


F == 


M 
(D* + 


or where D is great compared with L 


F« 


M 


We can compare the field due to a magnet with that due to the earth by 
placing the magnet at right angles to the magnetic meridian and measurmg 
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t±ie deflection of a suspended magnetic needle p^acea m one of the two positions 
m Fig 326 In eitner case we find (Fig 327) that 

F = Ktana 


2Ai 

(approx = H ton a 

M O* 

^ = ^tana 

In position {o) 

^ M , V 

i.appro^ ) == H tan a 

jM _ 

H = D* tan a 

^7e can use either of these formulae to test the law of inverse squares or to 
compare the magnetic moment of two magnets, if the law is taken to be correct 
To test It we have merely to observe the angular deflections and of the 


In position (a) 

F == 


(a) 


(h) 




m: 


m- 


-CD-Lh- 


^dtrstchariss SI 


vepuLsixm. 5 = 


Urut 
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These two diagrams show how to calculate the strength of the field exerted by a bar 
magnet on umt pole, assuming that the mverse square law is correct In position (a) 
the total force actmg on umt pole at O is 


m 


4wLD 


2A1ID 
(D* — 


CD — L)* (D -b L)* ■“ (D* — L*)* 

In position (fO the attractive force may be represented by OP ~ 


pulsive force by OQ 


(NO)* 


The resultant force is OR, parallel to the magnet 


Smee OQR and ONS are similar, 
OR - F 

But (NO)* D* 4- L* 


OR NS 
OQ "“no 
NS OQ „ w • NS 
NO 


(NO)» 


M 


M 


CD* + L*); 
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needle m position {cl) when the distances of the middle of the magnet fiom 
the pivot are D| and Dg In this position the approximate formula gives 

Da® 

tan = — tan 

Di® ^ tan gg 
Da® ”” tan ax 

This conclusion is true if the law of inverse squares is true, and if the experi- 
ment shows that it is true the law of mverse squares may be used To test the 
law more severely we should use the formula m its ongmal form and use other 



Fig 327 — ^Deflection of Compass Needle from the Magnetic Meridian in the 

Neighbourhood of a Magnet 

(a) Magnet at nght angles to the earth’s field and with both poles m Ime with the 
centre of the needle 

(^) Magnet at nght angles to the earth’s field and with both poles equidistant from the 
centre of the needle If m and — m are the pole strengths of the needle, F the field 
strength of the magnet, and H the horizontal component of the earth’s field, the 
couple due to the magnet is Fm BC* and the couple due to the earth is Hm AB 
m the opposite sense If the needle comes to rest at an angle a from the magnetic 
mendian, the two couples balance, i e FiwxBC «=» HiwxAB 

F *= H H tan a 

The value of F m position (n) twll of course be double that m position (h) if the 
distances from the centre of the magnet are the same 


positions of the magnet as well. This does notafifect the conduct of the experiment 
It merely makes the calculation a Utde more laborious. Alternatively we may first 
place the magnet m the position mdicated m the upper diagram of Fig 326, 
and then m the position mdicated m the lower one, keeping D the same. The 
field strength at the pivot of the compass needle when the bar magnet is in the 
first position is twice as great as it i$ when m the second position. If is the 
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angular defection pn tne frst ara *n the secona pos-Lt’on, the approMinate 
foriruiae show ti*at 

tan = 2 tan d 2 j 

According to the approximate forma >ae the re at . e magnetic moments 
(Ml and AI2) of two magnets piaceu in the samw pj>» *on a: t^e same distance 
from the needle wlx.ch series sl* an tn-^'e Lorn meritLan for one and 
aQ for the other aie 

vli __ tan 

iVl. I t4*n w' 

It IS not possible hy tnese metnons aione to ge^ an^OiUte measure either 
of the magnetic moment of a magne^^ Oi of ute rc-iZcntal component H of 
the earth^s field To do this we have to make use of another tact relating the 
magneuc moment to the strength of the e*rtn"s field It a magnet is suspended 
horizontally by a thread it will come to rest in the magnenc meriuian If it 
IS now deflected fiom the meridian through a small angle it wih turn back- 
w^ards and forwards over the meridian It the period of vibration is T and the 
moment of mertia of the magnet is I it can bo snovm that* 


MH 


477«I 

T* 


If for a given magnet MH has the value A and ^ (by one of the other two 

ri 




methods) has the value B, then M = B and H 

A law identical with the law of gravitational or magnetic attractions also 
holds good for electncal attractions* if we substitute e representing ‘‘charge” 
or “quantity^* of electncity for m or quantity of matter* and k for the gravitation 
constant m the Newtonian formula The field strength due to a charged body 
IS then 


ke 

r* 


This IS the force with which a umt positive charge is repelled* and the use of 
the negative sign for the negative charge indicates that a umt positive charge 
would be attracted. If we define umt charge so that the field strength is one 
unit of force (dyne in the gram cratimetre system) when the distance from the 
centre of the charged body is umty (i.e F =« 1 dyne* when r =* 1 cm and 
s 1 umt of charge)* and when the medium is air* k ^ I and F ^ s — r* 
The law is difficult to prove by a simple experiment Although we can separate 
negative and positive charges* they generally leak away That is to say* a 
charged rod placed over an electroscope will not produce as big a deflection 
after the lapse of a relatively short penod of time As with magnetism* the 
demonstration of the law depends on verifying various mdirect inferences 
bocrowed fcom mathematical elaborations of gravitation theory 


Sec pp« 27i and 294« 
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Science for the Citizen 

An indirect test of its truth was already at hand at the time when Benjamin 
Franklm’s researches were carried out In his great treatise on the principles 
of motion Newton amused himself by workmg out several speculative apph- 
cations of his theory One which had no practical bearmg at the ume was the 
parados: of a hollow planet In effect, Newton asked what would happen to a 
man who fell mto a hole at the bottom of a mme if the earth were an empty 
shell containmg no matter below a certam depth from its surface Our first 
impulse is to say that he would rush towards the centre of the earth and 
then come to a stop On second thoughts we recollect that his speed would 
carry bim beyond it till the opposmg attraction reversed his direction, settmg 



up a to-and-£ro motion Neither of these conclusions is consistent with Newton’s 
theory. The surpnsmg thmg about gravitation is that the man should not 
fall, when he stepped through the hole He would have no acceleration So if 
he jumped he would sail steadily through the void at a comfortable fixed 
speed , 

Newton’s argument can be followed with the help of Fig. 328, which shows a 
spherical shell of uniform density, so that the masses M and m of any two 
small circular patches on its surface are proportional to their areas A and a 
(i e M m ^ A n) If the patches are small ones we can consider them to 
be flat, as we should consider the areas covered by New York and Cape Town 
to be fiat, ^e can therefiire imagine that each is the base of a cone with the 
common vertex at P, where our imaginary miner is situated, and will remain 
stuck unless the mass of the patch of earth (A) covered by New York City pulls 
him harder than the patch of earth covmd by Cape Town (or vice versa) 
Both these cones have the same vertex, and the areas of the bases of cones 
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With the same vertical angle are proportional to the squares of their heights 
(R ana ?) Hence Al rr R- r** 

M = wR* — r* 

Accoraing to me theor 3 of Newton, New York pulls the mmer with a force 
GM — R® per unit (body) weight, and Cap^ Town puiis the mmer with a 
lorce Gm — pe»* umt (body) vvei^t Since \x == wsR^ — 

GAi — R> = Gm — r* 

Hence the pull of the patch of earth under New York is e'vactly the same as 
the opposing pull of the patch of earth under Cape Town The tw’o pulls cancel 
one another So there is no effective pull towaid the centre Because this is 
equally true of any two corresponding patches, there would be no gravitational 
pull mside a hollow earth In other words, the behaviour of the imaginary 
mmer would be the same as if the earth*s shell were not made up of matter 
The important thmg about the hollow earth paradox for the theory of electrical 
attractions is that this conclusion would not be true if a different law of attrac- 
tions apphed For instance, we might suppose that matter attracts matter with 
a force mversely proportional to the cube of the distance The New York pull 
would then be GAi — R», which would be (G»zR* — r*) — R* = Gm — Rr* 
This would be different from the Cape Town pull Gm — r* 

There was a good reason for Newton to bother himself with this imaginary 
situation. Newton wanted to test the theory that the law of gravitation apphes 
equally to particles of any size By analogous reasoning, which we need not 
go into, he came to the conclusion that the mmer’s behaviour so long as he 
remamed on or above the surface of the hollow earth would be exactly the 
same as if the earth were sohd That is to say, he would be attracted to it by 
a pull mversely proportional to the square of the distance from the centre You 
can therefore look on the earth as an enormous number of layers, each attractmg 
any ob)ect outside it with a force mversely proportional to the square of its 
distance from the same centre, and each exertmg no attraction on an object 
lying inside it 

If apphed to electrical attractions, the argument on which the hollow earth 
paradox is based means that when the outside is electnffed, the inside of a 
hollow spherical conductor behaves as if it had no charge at all This is very 
easy to test In fact the ice pail experiment has already shown us that it is 
true If a hollow metal ball with a small aperture is moimted on an mRnlafing 
stand, and charged by cozmectmg it with a frictional generator, it is immediately 
discharged when the outside is connected to earth It is not discharged if the 
mside is earthed So the inside behaves as if it were not electnffed Smce this 
would not be true if a different law of attractions apphed, we can conclude that 
the mverse square law is the correct one. 

It IS sometimes stated that Cavendish made the first apphcation of the 
Newtonian paradox to electrical attractions The experiment had been earned 
out some years earher (1766) by Jc»^h Pnestley His mterest m Electricity 
had been stimulated by the influence of Beniamm Franklin dunng a visit to 
England, when Franklin also made the acquaintance of Aiatthew Boulton 
Franklin, says Ahss Turner m her book on the history of dectnoty, '^suggested 
certain problems for further c o nsideration. . Pnestley showed espenmentally 
that when a hollow metal vessel is electrified there is no charge on the inner 
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surface From this he inferred the law of force ** Priestley’s own words, cited 
by Miss Turner, are 

**May we not infer from this experiment that the attraction of electricity 
IS subject to the same law as gravitation, and is therefore accordmg to 
the square of the distances, smce it is easily demonstrated that were the 
earth m the form of a shell, a body m the mside of it would not be attracted 
to one side more than another ” 

It IS not at all obvious how measurements of magnetism and fncnonal 
electrification are coxmected with the chemical defimtion of the electric current, 
and the reader who wishes to pursue further study with the aid of books which 
use all three systems of units may find the foUowmg hmts helpful 

An electric current is more quickly detected by its magnetic than by its 
chemical accompaniments Hence there are practical advantages m measurmg 
the former The only disadvantage of domg so is that it mvolves elaborate 
mathematics The magnetic defimtion of a current is based on the length of 
a circular loop of wire and the magnetic field strength at its centre when a 
current flows through it To measxure magnetic field strength it is necessary to 
know the magnetic moment of a magnet suspended at the centre of the loop 
and the strength of the earth’s magneusm We have seen on pp 665-668 how 
these two quantities can be found 

The connexion between the measurement of the electnc current and measure- 
ment of attractive force exerted by electrified bodies will be easier to see when 
the reader has read pages 726 and 769 We have seen that the brightness of the 
spark and the mterval between successive sparks are mcreased when a condenser 
uke the Leyden jar is connected with a frictional machme Connectmg the poles 
of a voltaic battery with a condenser has no effect on prolonged electrical 
changes such as chemical decomposition On the other hand, a condenser can 
act as a store, keepmg up a surge of current, when electnc currents produced 
by a battery only act for a very short while m one direction Thus a condenser 
m the ‘‘primary” circuit (p. 722) of a shocking coil mcreases the bnghtness of 
the spark and the mterval between successive ones, as with a finctional machme 
So the power of a condenser to “store” electrification can be measured either 
by Its effect on the discharge of electrification produced by finction or by its 
effect on currents of short duration (mtermittent and altematmg currents) 
produced by a dynamo or a battery with an automatic mterrupter 

To see how the storage power or “capacity” of a condenser is related to the 
measurement of mechamcal attraction we must follow the gravitation analogy 
a httle further Just as we measure a steady current of water by the volume 
which issues from a tap m umt time, we may measure a steady leakage of 
electrification or current from a finctional machme by the loss of charge per 
umt time When a positively charged body loses electrification m a measurable 
mterval of time t durmg which the charge falls firom to e*, the leakage car loss 
of charge is ex — So the loss per unit time is (ex — t* The volume of 

water which flows ficom a tap is the product of the current (so defined) and the 
time of flow iLikewise the charge which leaks away is the product of the mean 
current and the time, i e. (ex — e^) — ct The work done when a mass m of 
flmd fells through a height h is mgh If the density is d(^ m — n), this is 
v(4gh)y t e the product of the volume and the pressure difference between 
two levels separated by a hei^t h (see p. 379, Chapter VII), When a astern 
empties the whole volume does not fell thronife a distance h The topmost 
layer does, and the lowest layer does not fall d^ugh any distance. The work 
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done IS equivalent to half the volume falling through the ivhole distance, or 
the whole volume falhng through half the distance, i e \v(4gK) So if we com- 
pare difference of pressure level m a cistern to diffeience of electrical potential 
(P D ), we must define potential so that the aork done in tran^emng e umts 
of charge across the space between two conductors is 

W = ie(PD) 

To press the analogy between electrical potential and pressme head further 
we have to take account of the fact that electrical attractions are of two kinds 
If we measure the gravitational potential (Fig 323> betv^een two levels hi 
and h^ above the ground^ the difference of potential between the higher (^hf) 
and lower (hj) level is g(h^ hj) If on the other hand the lower one is at a 
distance hi below the ground level the difierence of potenual is g(^h^ -f hi), 
which IS the same as g[ki^ — (— hj)] Thus, if we call the potential of a body 
with reference to ground level gh, makmg the sign positive or negative according 
as we measure the height h above or below ground, the difference of potential 
between two levels h^ and hi is always gQt^ — /fi) U h^ is above ground and 
hi below, work must be done on the water to raise a drop from hi to and 
work will be done by the water if a drop is allowed to sink from h^ to hi We 
may similarly speak of the electrical potential of a charged body with reference 
to the earth, and signify that of two positively charged bodies A and B as Pa 
for the greater and Pb for the less The difference (Pa — Pb) is then positive, 
signifymg that work would have to be done on a positive charge to transfer 
It from B to A, and the difference (Pb — Pa) = — (Pa — Pb) only differs 
in the negative sign to signify that work is done by a positive charge when it 
leaks from A to B If A and B are negatively charged the difference is 
Pg) — (p^ — Pb) The negative sign signifies that work is 
done by a positive charge when it is transferred from B to A, i e from the 
numerically smaller to the numerically greater negative potential 

We can dispense with the hydrostatic analogy if we remember that like 
charges repel and unlike charges attract If A and B are positively charged, 
A bemg at the higher potential, a umt positive charge wiU be repelled more 
strongly by A than by B There is thus a net repulsive force which has to be 
overcome m takmg the positive charge from B to A, and the difference of 
potential Pa — Pb is the work that has to be done m the process against this 
net repulsive force. If the potential of A is 4- Pa and that of B is — Pb, as when 
A is positively and B is negatively charged, the potential difference [Pa — C — Pb)] 
« Pa + Pb The potential difference is additive because work has to be done 
m separating a positive charge from the attraction of B and overcoming the 
repulsion of A When we speak of potential as opposed to potential difference 
m connexion with the flow of water, we imply the difference of potential 
between the level of a column and the ground level. Smce positively or negatively 
electnfled bodies discharge when oinnected to earth, the earth’s surface may 
also be taken as zero potential of electrification 

The definition we have devised for measuring either the potential of a body 
(with reference to earth) or the potential difference between two bodies m 
mec h a ni cal umts is not easy to apply We can do so mdirectly by makmg use 
of a derived quantity This is called capacity In usmg the fimd analogy (p 670) 
we have compared electncal charge to the bulk of fimd, potential difference 
to the fluid pressure, and the capacity of an electrically charged body to the 
sectkmal area of a mstem. The fiuid pressure is proportional to the difference 
ef level So the product of sectional area and fiuid pressure is therefore proper-' 
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tional to the volume which flows out of a tank when it empties Bodies of 
different size and sIApe have different powers to diverge the leaves of an 
electroscope when charged for the same length of time with a frictional machme^ 
and we may measure this difference of “electrical capacity” by the charge 
required to produce umt mcrease of potential^ so that 


and smce 


capacity x P J!) = chargcj 
W « i<P D ) 


the work done m neutralizmg the charge of a conductor with capacity C is 


2C 


So defined^ the electrical capacity of a conductor depends only on its size 
and shape and on the quahty of the medium separating it from other con- 
ductors Why this IS soa can be shown by adopting the method Newton used 
in discussing the paradox of the hollow planet There are pitfalls m doing so^ 
because electrical attractions mvolve the phenomenon of ttiductian which has 
no precise parallel m gravitational theory It is better to adopt another mechan- 
ical analogy to which Newton’s generation sometimes turned when they dis- 
cussed gravitation One reason why the law of mverse squares then seemed 
to be the most likely hypothesis to explam the motions of the planets was 
suggested by the difdculty of imagmmg action at a distance without some 
physical model A physical model which naturally occurred to men like Hooke 
was the pulling power of a stretched spring Thus you may imagme a number 
of equally stretched pieces of elastic radiating m all directions from a small 
object You can then compare the **fleld strength” or gravitational pull on 
unit mass m the neighbourhood of a particle to the mechamcal force due to 
the number of springs which pull on unit area The area of a sphere of radius 
r widi the object as centre is 47rr* If there are n of these springs or “Imes of 
force,” the number which will pass through umt area is therefore n — 4:7rr^ 
If they are equally stretched, the mechanical tension on umt area is propor- 
tional to the number (N) which pull on it Smce N =* w — 47ir* 

Ncc^ 


The analogy is a very powerful one when apphed to electrical and magnetic 
attractions. It is vividly suggested by the way m which iron flhng^ arrange 
thems^ves near the poles of a magnet, and it can be adapted to take the 
phenomenon of mduction mto account We can define the fidLd strength at a 
distance r from an ^ectnc charge e as the ntimber (N) of hues of force per 
umt area, and we have just seen that this is equal to w •— 477r®, where n is the 
total number of hnes radiatmg from the charge e We also found (p 667) 
that field strength is equal to — r* Hence 

n ^ ke 

n 4f7rke 

By definition (p 667) k ^ 1 when the medium is air. So we suppose that the 
number of these imaginary hnes of force radiatmg from 1 umt of charge is 



The South Pointing Instrument 673 

477, when air is the medium * Thus each Ime of force starts from umts of 

477 

positive or negative charge To accommodate the fact of mduction, each line 

of force &nds m — amts of opposite, i e negative or positive charge 
477 

The advantages of asmg tne terrestiial model of a stretched sprmg mstead 
of the celestial model of movmg planets are great The mathematics of a sprmg 
w hich obeys Hooke’s law is mach simpler than tne mathematics of a gravita- 
tional held So Faraday^ who did not know more mathematics than most readers 
of this book, used the stretched spring model By making each charge the focus 
of 477 hnes of force we keep the mverse square law m our umts of measure- 
ment, but get nd of it as a umt of algebraic mampulation We have no difficulty 
m accommodatmg mduction, which is a new quahtative feature of electrical or 
magnetic phenomena, because each Ime of force begms and ends m opposite 
charges or poles We can visualize the relation of our algebraic mampulations 
to the physical phenomena at each step So we keep them, as it were, closer to 
reahty Besides this the spring model is easily adapted to visualize several other 
quahtative peculiarities of electricity, which, like mduction, have no parallel 
m gravitation For mstance, we can compare a conductor to a flmd m which a 
sprmg can freely contract, and a ^^dielectnc” or msulator to a sohd m which 
a sprmg remains extended, i e the Imes of force do not move freely, so that 
currents are not set up Testing this analogy brmgs to our notice an important 
and at first surprismg fact about condensers If we make a condenser with 
detachable parts like the Leyden ;ar shown m Fig 313, we can take it to pieces 
and connect the metal parts without dischargmg it This is expressed by saymg 
that the energy of the condenser is stored m the dielectric 

Knowmg this, we can easily ^ply our model to the problem of measurmg 
the capacity (C) of an air condenser consisting of two equally spaced plates 
— e g the variable condensers sold for wireless sets If one plate receives a 
positive charge the work done m neutralizing it, i e the work done m dis- 
chargmg the condenser is (P D ) — — C (p 672) Smce the energy is 

stored m the medium all the lines of force pass through it There are therefore 
477«f hues of force If the area of each plate is A the number of hues of force 
per umt area, i e the field strength at the end of the Imes of force, is 477^ ~ A 
This IS the mechanical attraction upon umt charge So the total pull between 
the plates is ( 477 a — A)^ » 4775* — A If the distance between the plates is 
d» the discharge of the condenser is equivalent to annihilating 477^ Imes of 
force of length d The work done m discharging the condenser is therefore 
equivalent to an average pull of 2775 * — A acting over a distance d^ through 
which the Ime of force contracts with an mitial tension of — A and a 
final tension of zero The work done is therefore ( 277 ^* — A)«f Hence 


2C A 



* An alternative convention often a^pted is that each Ime of force originates m 
one unit of charge The field strength is then defined as the number of Imes of force 
per unit area mul tipl ied by 477, and the equations eventually reached are, of course, 
the same as ours The convention adopted above agrees with that used for magnetic 
lines of force. 
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Hence according to the mechanical definition of electrical charges potential 
and capacity, the capacity of an air condenser is known if we also Imow the 
area of the plates and their distance apart If the distance and area are gi\en 
m centimetres and square cenumctres, the capacity can be calculated in the 
mtemational system of umts Starting from this we can also measure the 
charge apphed and the potential ctifierence between ttie plates When a con- 
denser IS discharged, there is usually a spark, and, in any case, heat is produced 
This heat can be measured and comertea by Joule’s equivalent (p 605) mto 
work umts The energy (W) stored m the condensei is therefore known, ana 
IS given by 

27re^d 

v.-g- 

That is to say, we can calculate the charge applied if we know the heat pio- 
duced, the area of the plates and their distance apart Similarly, W = (P D > 

W2 = (P D y 


and smce =*= AW — 27rd, 


That IS to say, we can calculate the potential, if we know the heat of discharge, 
the area of the plates and their distance apart 

This IS an instructive example of argumg by analogy, because it illustrates 
one essential feature of analogy as an aid to discovery The analogy is not 
used to tell us what the real world is like Only observation can supply such 
knowledge What we use it for is to choose convement ways of measurmg 
electrical phenomena Apart from analogy there is no reason why the energy 
of a condenser should be Je (P D ) We did not start by any fixed definition of 
what potential is. So we are free to make it mean what we like We used the 
analogy to suggest a definition of potential consistent with the statement that 
the energy of a condenser is ie (PJD ) Having defined “charge” m mechamcal 
units, we then used analogy to define another quantity — capacity — ^which is 
connected with both, and can be measured without the mconvemence of 
determining a mechamcal attraction Havmg agreed to define P D. m terms 
of work and charge, and havmg re-defined capacity m Imear dimensions, we 
can measure P D. by measurmg heat production m the discharge of a condenser 
of known capacity^ 

One other question which gives rise to difEculnes is how we can relate the 
mechamcal (“electrostatic”) definitions of current and potential to the umio 
based on chemical behaviour Later (p 695) we shall see that the heat produced 
m a battery circuit m umt time is proportional to the product of the steady 
current and P D m chemical umts In the discharge of a condenser the find 
P D IS zero, so that the mean FJ> is half its initial value, and the energy 
output m umt tune is therefore i (current X P D.) m electrostatic umts. Hence 
current and P D have the same relation to energy m both systems. So if we 
define battery potential m terms of the work done when one battery umt of 
current fiows one second, we can calculate^how many units of battery current 
correspond to one mechanical cur dectrostatic umt by measuring the heat 
producuon m the fiow of a current If we measure the capacity of a condenser 
by the method mdicated on page 759, we then find that the capacity of a ocxor 
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denser s pi r nc- .c ihe o- tiie piateSj and mveri»e]3 to the 

a oeaveen jr^zn TlZ^s Screno^diens, o^r aei’ei that elecxnfication by 

iT’Cc-or- eiecir*hcat:on o ccirsncsu aeccjr"j>c ^on jsq o«. ditativeh alike 


iv.:i SS TO 

J^a^g3 s Gjc’ 1-. p 'iced a ? iniSi. — .ce c* k m air fiom an 

anc s''irii'’T c*i-^ge repels it w-th a orce i ^jzlq 

U,hZ field uref^gth is tne sti^nglh of *ie ^n-cn acts on unit charge 

with a force of i dyne 

Ttie potential dfierence Cet^Teen t’wo points .-mp; f one eig of v'ork ts 
aone m taking unit charge riom one pom* m the Cj. One s^ch electrcbtanc 
unit of Doten-iai iS equal to iOC volts 

The cup^^cuy a conductor nun'ericdly eqaa to the clivjrge wmcn must 
be ^iven to t m orr^r to raiae its potential oy 1 u^u*. Hence, a conductor of 
vimi capacity has i^s po^e’^tiai xaised bv one unit oy uiu* cnmge It can be 
shown that the capacity ^ ui units so oefined^ of an ^solaced sDnerical conductor 
IS numerically equal to the radius m centimetres Hence the electrostatic ur*t 
of capacity is usually ca”cd a cenUmetre One micrcfaj.au 75S) is equal 
to 9 > 10“ cm 



CHAPTER XIV 


COSTING THE CURRENT 


At the end of the third decade of the nineteenth century three powers of 
the electric battery were well known It could be used to produce (a) a 
magnetic field, (&) heat suf&aent to evoke mcandescence, and (c) chemical 
decomposition of me tallic salts The last made it an mdispensable part of 
the chemist’s eqmpment durmg a period of rapid growth m diemical manu- 
factures whidi actively encouraged chemical research The magnetic effect 
was the first to be exploited commercially Telegraphy was mtroduced m 
the twenties Its use e^anded rapidly m the thirties, more especially m 
Amenca, where the first electncal mvention had been brought mto everyday 
experience By the end of the fourth decade of the mneteenth century tenta- 
tive efforts m the commeraal exploitation of the heatmg effect as a source 
of ill uminati on and of the chemical property of the current as a device for 
plating with preaous or non-corrosive metals made new demands on 
theoretical gmdance 

In Its early stages telegraphy raised fow &esh problems of far-reaclung 
importance The extension of the railway system created a new need for 
rapid communi cation No alternative method of signalling over long dis- 
tances was available Electnaiy had no established competitor m the field 
For this reason, and also because the expenditure on current by the telegraph 
was rdatively small, the question of costing did not emerge m an acute form 
until more ambitious undertakings, such as the Atlantic venture, encountered 
new obstades Electnc h^tmg and electcoplatmg had to compete with a 
pre-existmg techmque The aspirmg mventor had to count the cost. In short, 
standards of measurement were mdispensable to the commeraal exploitation 
of the heatmg and chemical properties of the current firom the start 

One practical difficulty which beset early ea^enments m telegraphy was 
the need for a steady and rdativdy durable source of current The first batteries, 
sudi as Volta’s pile, were seen to be worn down and easily fatigued, or, to use 
the techmcal term, polarized by bubbles of gas which collected on the metal 
plates (electrodes) They were therefore replaced by batteries of a more reliable 
t3rpe Batteries constructed with electrodes immersed m solutions of their 
own salts do not collect gas bubbles, and are not readily fatigued In such 
batteries the two solutions of metal salt are kept apart by enclosmg one m a 
pot of earthenware, suffiaently porous to conduct without much diffiision, 
except what results firom curtent fiow One type m common use m the first 
half of the nineteenth century was mvented by J F Darnell It had zmc and 
copper electrodes hke those of Volta’s pile. The former was immersed m a 
porous pot containing zmc sulphate solution, and itsdf immersed m copper 
sulphate solution contained m a copper vessel which acted as the positive 
electrode. 

The impetus whidh dectncal research received ficom setbacks to earfy 
attempts to establish Transatlantic commumcation is a story which will be 
told later in this chapter Before this h^ipened tcotative efforts to use 
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electricity for lighting and plating had been started on a commercial scale, and 
the economical use of electrical power had been explored with this end in 
\ievv The crudest measurements of the chemical or heatmg action of the 
electric current bimg us face to face with two aspects of electrical phenomena 
One depends on me wnre used for the circuit The other depends on the 
generator The heat produced m a piece of wue durmg a fixed mterval of 
time is mversely proportional to its length, and is directly proportional to 
the square of the number of cells connected senes \see p 698) to make 
a battery The heat produced in a uniform piece of wire 1 mch long is three 
times as great as the heat produced when the termmals of the same battery 
are connected for the same length of time with a piece of equally thick wire 
3 inches long If the same wire is connected successively with the termmals 
of a battery of one Darnell cell and with the terminals of a battery of three 
Darnell cells connected m senes (positive to negative) the heat production is 
mcreased nmefold 

This rule was first set forth by Joule about the time when arc hghtmg was 
mtroduced m the streets of Baltimore Joule’s experiments on the heat 
production of the cuirent were part of a wider enquiry which mvolved the 
determination of the mechamcal equivalent of heat The social context of 
the researches which enabled Joule to compare the running costs of a battery 
and a Cormsh engme have been discussed m Chapter XII This chapter 
will summarize the mam facts about the measurement of current, and will 
be based on the methods used by Joule and Faraday in the earhest mvesti- 
gations of the heatmg and chemical properties of the current In Joule’s 
researches a clear distmction between three kmds of elecmcai measurements 
was first made The umts now used, the ampere (current), the volt (potential 
diflference or E M F ), and the ohm (resistance) had not yet been settled by 
mtemational agreement, which did not come about until after the extension 
of the cable system When Joule and his contemporanes refer to what we 
call E M F they do not speak of volts At that time it was customary to speak 
of so many Darnells^ usmg the name of the generator for the umt itself 
So, also when Joule deals with the me^urement of what is now called resistance^ 
he gives the length of a wire of such and such thickness and material For our 
purpose there is nothing to be gamed m descnbmg his discoveries m his 
own words We shall use the modem terms, and first explam their meamng, 
lUustratmg them by simple experiments of the t3rpc which Faraday under- 
took m coimexion with his studies (p 702) on electrochemistry 

It will help us to tmderstand the meaning of the three fundamental umts 
if we pursue a crude analogy suggested by experience of everyday life m the 
age of water power. It has lost none of its usefulness now that we can no 
longer subscribe to a hteral behef m calonc or the electnc fluid of Frankhn 
The flow of water mvolves the transference of matter from one place to 
another at a measurable rate So also when electrodes of metal connected 
with the two terminals of a battery or other steady generator are immersed 
m a dilute solution of an aad, metal is worn away firom the positive electrode 
(anode) and deposited on the negative (kathode) Thus the most direct way 
of measuring the electric current is to find the weight of a product of cheimcal 
decomposition deposited on one or other of the electrodes m unit time 
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A paddle or water-wheel will rotate clockwise or anti-clock ^-vise according 
as the overhead current flows beyond the centre from left to nght or r^ght 
to left Seen from above, the north seeking pole of a suspended magnet 
turned anti-clockwise or clockwise according as a wire placed lengthwise 
overhead is connected to the negative or positive terminal of the batterv at 
the end beyond the north seeking pole of the compass needle (Fig 316) Thus 
the water current and the electric current may respectively be measured b) 



Fig 329 — PoissEuiLLE's Principle 

Apparatus for showing how the rate of flow of water vanes with the pressure head 
and resistance of the outflow The former can be maintained at a constant level by 
an outflow above, m any position of the “generator ” The level can be vaned by raismg 
or lowering the generator Thick or thm, long or short capillary tubes can be used for 
the conduit The current is measured by the nse of water m a graduated cylinder 
during an mterval of time measured with a stop-watch If the bore of the conduit is 
fine so that water only trickles drop by drop the current is mcreased by mcreasmg the 
pressure head, and decreased by substituting a condmt of smaller cross section or 
greater length 

the power to turn the water-wheel or the compass needle For reasons which 
will be explained more fully at a later stage, it is simpler to take the more 
straightforward defimtion based on the mass effect The ampere has already 
been defined as the current which deposits m one second 0*001118 gram of 
silver from a solution of silver mtrate 
The accompanying illustration (Fig* 330) will help you to see how the 
companson between the dectnc current and the fikiw water can be usefully 
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apDhcd to the trcasurerren"^ of eiectrical phenomena If a current of water 
IS flovMng Z.I a ce.cajr Tct% let Sc^ ^ c c per mnu'^e through a tube AB 
\\ hirh dx\ 1C cs at E ^nto a%o brancne^-j the currerts j’ c c and xr c c per minute 
**especti\ eij througn the tvo branches a: a t-^gather eqmvalent to 

the currant m AB, -f EusCvvise Lie currents fio^ing m t\^o branches 

oi £ c:*vidcct cucui^ 2 -e i"c^e*ner eCw*\nen"- i<. the currer» m tne cof'imon 
paJi cemectea to tha gerej.u’-or IxxS c^n re nro’^ ea 0\ petting pairs of 
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Fig 330 

The sum of the currents through the branches of a arcuit is equivalent to the current 
which hows through a common path 

Sliver electrodes m solutions of silver mtrate m different parts of the circuit 
If the negative electrodes of each “electrolytic cell” are weighed before 
switchmg on the current and after switchmg it off, the weight of silver 
deposited m the two branches is found to be the same as the weight deposited 
in the common part of the circuit 

The analogy between electneal measurements and measurements of water 
flow IS very dose, when the bare of the pipes ts small This can be shown by 
studying the flow of water m capillary tubes, i e the sort used tor thermo- 
meters, The water current or mass of water which issues ftom the mouth of a 
narrow tube m umt time depends on two classes of measurements (Fig 329), 
one IS charactenstic of the astern or dam, and the other of the pipe or onfice 
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which conducts the water away from it As regards the firsts what counts is 
the head of pressure If the pipe connectmg two easterns has the same dimen- 
sions throughout, the current flowing between them is directly proportional 
to the difference between the heights of the water m each Generally both 
are placed above ground so that this is simply the arithmetical difference of 
their ground-level heights When one is above and the other below the earth, 
the same rule apphes, if we measure height above the ground as positive and 
distance below as negative If we connect two similar cisterns, each havmg 
two taps, one at the bottom at lower, and the other at the top at higher 
pressure head or water potential, we may do so m two ways (Fig 331) If 
connected so that the tap of one astern at lower potential feeds the tap of the 
other astern at higher potenual, the effective pressure head is doubled, and 



Fig 331 — Cisterns in “Series” and in “Parallel” 

the current is proportionately mcreased Similarly the electnc current 
measured by the amount of chemical decomposition it produces is doubled if 
we replace either of two cells which produce the same current by a battery of 
two c^ arranged so that the positive terminal of one is connected with the 
negative terminal of the other So if we caU the electromotive force or potential 
difference between the termmals of a single Weston cell 1 0183 volts, the 
E M F of a battery of two Weston cells connected “m senes’^ is 2 0366 volts 
Puttmg C for current measured in amperes and E for the potential 

Coc E 

The water current which flows from a astern out of a capillary tube does 
not merely depend on the pressure head. It also d^ends on the dimensions 
of the tube If the tube is narrow,i.e if its sectional area is small, the amount 
of water which escapes m umt time is smaller than if the tube is wide. It is 
also smaller if the tube is a long one than it is if the tube is a short one If the 
terminals of the same generator are connected to electrodes dipped m a 
solution of silver mtrate, the current (i e amount of silver dqposited m umt 
tune on the negative plate) also depends on the length and thickness of the 
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Wire m the same u ay The current is decreased if the length of wire is increased, 
and mcreased if ttucker wire of the same length is substituted Exact measure- 
ment shows that the current is direct!} proportional to the sectional area of 
the wire, and mversely proporuonal to its length, i e 

C cc a^l 

If //a is large the current is theiefore smail^ ana if / a is small the current 
is large So we may regard the reaproca^ of the ratio on the nght-hand side 



By insertion of a metal plug m the key K the current is sw itched on to 3 silver ‘ volta- 
meters” consistmg of two pairs of small silver plates, placed far apart m a dilute solution 
of silver mtrate If the plates are well separated, the soiuuon is dilute, and the con- 
necaons are made with thick copper all the efiective resistance to the flow of the current 
IS in the voltameters The sizes of the plates and their distances apart is the same m all 
three cells, and the same solution is used Before inserting the plug the negauve 
electrode m each voltameter is weighed The increase m weight after removal of the 
plug when the current has been flowing for some nme, gives the current m each 
voltameter In the arrangement shown the E M F of the first cell (Ej) of a battery 
of two cells drives current through the lower current meter on the left, the E M F 
of the second drives current through the upper one, and the current m the lower 
one on the right is driven by the combmed E M F of both cells If current is directly 
proporuonal to B M F , the silver deposited on the negauve electrode of the last of 
the three will be found to be equivalent to the total amount of silver deposited on the 
negauve electrodes of the other two 

of the expression just given as a measure of the resutance with which the 
external circuit opposes the flow The corresponding law of capillary flow is 
not exactly analogous* The wrater current as inversely proportional to the 
length of the conduit and directly proportional to the square of the cross 
section* So the ratio / — is a measure of the effective resistance offered by 
the circuit* This is only true if we confine our measurements to the same 
fluid at the same pressure. At the same pressure different fluids do not flow 

Y* 
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at the same velocity through the same length of the same pipe Glycerme or 
XX oil are more sluggish than water They are said to have greater viscosity 
The relative viscosity of a fluid is simply the ratio of its rate of flow to that of 
some standard fluid at the same pressure in a capillary tube of the same length 




Fig 333 


To show that current is inversely proportional to the length of the conductor the upper 
arrangement may be used To show that it is directly proportional to the area ot cross 
section the lower one is designed In each the current travels through two parallel 
wires of very high resistance All other connexions are of thick wire of highly con- 
ducuve material The plates are close together^ and the solutions are moderately 
strong So all the effective resistance is m the two wires In the upper arrangement 
me current flows through two lengths li, U of two wires of the same sectional area 
The weights of silver deposited on the kathode in the two silver voltameters give the 
currents Ci and C2 m the same rauo as /* and / , The two wires in the lower figure 
are of the same material and length but of dmerent sectionEil area and aa The 
current between two pomts P and Q therefore flows through and a. 


-and cross-section If we know the rate of flow of the standard fluid m a tube 
of known dimensions at known pressure^ a table of relative viscosities tells 
•all we need for calculating the rate of flow of other fluids when the pressure^ 
the length of the condmt, and its sectional area are specified. 

So also we have to take mto account a qualitative ifoatore of the resistances 
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hicti different cond acting materials clfer to the electric current To do so we 
adopt B common Ce\ :ce of prysical mec^curemenL On pp 50U~2 learnt 
that the thomtai of a saoi^tince »s px-^bcmonai to its masa, and that 

the tnermai capacities of ecuivclcnl m^^sses cl dJieienr suPstonces ere differ- 
ent e therefore bioukghl m a ^^andarcoiing fa^^or caf ed c heat By 

analog} ve can deline die iCsisians^c IR' cf a c-ncnctcr ’i tne product of 
Jte lat^o //a which flii.es tne \ hen the genercLor «,na matenal are 

specihed^ tn.1 a standardizing fcetox s ended w t^ce 10 take account 

of tne oaicnai itself, 1 s 


Kay 


The relation of the cixrent to ure ri».einc cure j-t ^hea the generator is 
the same is tnen suimned ro ir the stateri^.'" 


C 



When the external circuit is the same 


CocE 


Both statements are comomed m the equauon 



If the umt of resistance is chosen so that a current of 1 ampere flows through 
a conductor of umt resistance when there is an E M F of 1 volt between 
Its ends, C, E and R are each one umt So ^ = 1, and we can put 



This umt of resistance is called the Ohm It is the resistance at 0® C of 
a uniform column of mercury IOC 300 cm long, weighing 14 4521 gms 
If the umt of length is 1 cm , the ratio //a is umty when a conductor is 1 cm 
long and 1 sq cm m cross-section The resistance R of a conductor with 
these dimensions is therefore and the specific resistance of a metal is the 
resistance of 1 cm of uniform wire of 1 sq cm cross-sectional area 

The specific resistance of good copper at 20® C is 0 0000017 A piece of 

22 

wire 1 mm* (0 1 cm ), thick is — x (0 05)* sq cm m cross-section. So the 
resistance of 1 cm of copper wire 1 mm thick would be about 


1 X 0 0000017 X 7 
22 X 0 0025 


0 00022 cbm 


Hence the resistance of one kilometre would be 22 ohms, and of 1 mile about 
35 The specific resistance of the high resistance alloy ‘^Eureka” is about 

0 00004S at the same temperature Hence the resistance of a filament 0 1 mm > 
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(0 01 cm )j thick and 30 cm long would be about 18 ohms So 12 mches of 
B\ireka 0 1 mm thick are roughl> equivalent to half a mile of copper v^ire 
1 nun thick 

The rule C = E — R is called Ohm’s law The importance of it hes 
partly m the fact that the direct measurement of current is laborious and 
generally inaccurate Exact measurement of E A1 F or resistance is much 
simpler Ohm’s law tells us exactly what current we shall get, if we know the 
E M F of the generator and the resistance of the circmt To design a circuit m 
which a current of known strength flows we only need to know how to find 




Fig 334 — Combined Arrangement for Demonstrating Ohm's Law 

As m Fig 333 the whole resistance of the cucuit except the three wires m the Resist- 
ance frame is negligible, if the precautions there stated are taken The current is 
measured chemically at fixed resistance when the first cell is used alone by msertmg 
metal plugs m A and D, when the second is used alone by msertmg plugs m B and C, 
and when both cells are used by puttmg plugs m A and C This shows that the currents 
due to generators m senes are additive By msertmg plugs m a alone, a and 6, a and 
h c the sectional area of the resistance is vaned Its length is vaned by moving 
the metal slide 


the E*M F. (volts) of the generator and the resistance (ohms) of the circuit 
To detenmne E M F or resistance, once we have deaded on a standard 
of E M F (eg the Weston cell) and a standard of resistance (a mercury 
column), we only need to know how to compare a generator of unknown 
E M F or a circuit of unknown resistance with the standard Ohm’s law 
shows us how to do either of these things 


MEASURING RBSISTANCB 

An electnc lamp is a metal or carbon filament protected by a glass bulb, 
which IS either exhausted or fiUed with an mcrt gas* Using it economically 
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means brmgmg the filament to the tempeiatnre at vihich it is fully incan- 
descent Accordmg to the rule which Joule established^ the heatmg effect 
of a current depends on the square of tlie E F at the terminals and the 
reciprocal of the resistance between them ^’e can theiefore calculate the 
heat production of a piece of wire^ v^hen we imov^ its resistance and the 
EMF applied If we know the temoerature at which the wiie becomes 
incandescent and the specific heat of the mstenai^ e can therefore design a 
filament lamp suitable for a circuit Wxth a particular \oltage All the additional 
knowledge we need is the resistance of the filament Ohm% law tells us how 
to set about findmg it 

The usual method of findmg resistance depends on an arrangement known 
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Fig 335 — When Resistance is Negligible 

In electrical diagrams lamp filaments^ coils, armatures, and the hke are often repre- 
sented by a zigzag hne, as m the figure below The symbol (here R) for the numerical 
value of the resistance m that part of the circuit is then treated m calculations, as if 
the leads had no resistance at all That this is justified to a very high degree of precision 
IS shown by the fact that one mile of copper wire 2 mm thick has a resistance of about 
8 ohms, as compared with the 1,000-ohm resistance of a 40-watt lamp for a 200-volt 
circuit 


as Wheatstone^s network (Fig, 336 ) Imagme four conductors of different 
resistances connected at their ends to form a parallelogram ABCD, of which 
the pomts A and C are connected with a cell or other generator of current 
The current is then divided at A or C so that current at one amperage (Ci) 
flows through the leststance and R2 (i e through a total resistance 
Rj, + Rg) via the branch ABC, and current at a different amperage (Cg) 
flows through the resistances R3 and R4 via the branch ADC If the voltage 
between the pomts A and C is E, Ohm’s law tells us that 



R1 + R2 

9 i. 
■ Q, 


and Cj = 
R3 + R4 

Ri + Rj 


E 


R3 + R» 
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It also tells us the voltages between A and B or A and D, C^ab and Ead)? 

VIZ 

CiRj and Ead = 

If the resistances are so adjusted that E e = S vd tliere xs no difference of 





potential between B and D, so that no current would flow between B and 
D if they were connected ^^en this is the case 


OjRj — O2R3 

Q _ ^3 

Cg R, 

Rj + R2 

R3 + R 4 _ R»i + 

Rg Rj 


1 + 


R. 


1 + 


Rs 

1^1 


This means that if the resistances are such that no current flows when B 
and D are connected 
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Suppose therefore that you ^ ant :o Kno’v^ €,vd that vou already know 
R,5 which IS youi s andcurct ^esistarce AH >oji have to do is to find a 
combination and vluch Ie.c no cunen' fo\ when B and D are con- 
nected For this tl"e nsirur^eni: .s Lie ‘ Yv neatstone bndge” 

(Fig Jd7) li co^is^sts essenti£L!3 of ct thin u v ACj of lugh resist- 
ance mcuni.ed side bv siae a scale rucir >ec t Z .ndi, m etres ,or other 

con\ emend} err all umt&'i The eras ri and C are ccm'ected witli a thick 
broad metal plate na^-ng ga^js wnm ternunrls to vlucn the unlaiown 
lesistance (U — RJ) ana the standa^a resistance 'S = R^' ire mserted In 



A. C 

{^jzJU^ctLJrt CO 1) 

Fig 337 — ^Wheatstone Bkidgb Fitted to Measure Resistance of a Lamp 

• 

the middle of the metal }imction between U and S a terminal is inserted 
at B Owing to the thickness of the metal junction, of which the resistance 
IS neghgible, all the measurable resistance m the hmb ABC is m U and S 
A and C are connected with a generator. The termmal B is connected with 
one termmal of a current detector such as a galvanometer (p 706), which 
registers the presence of a current by the defection of a needle or wire The 
other terminal of the detector is connected with a tapping k^, which slides 
alongside of AC At some pomt D along AC no current will flow through 
the detector when the key touches the wire. At this point. 



R-a 


U ==- S 
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Since the wire is of uniform thichness and material the resistances Rg of 
AD and of DC only depend on the lengths AD and DC, which can be 
read off on the scale, so that 


U = 


S 


DC 
* AD 


Thus if no current flows when the tapping key is 750 mm. ffom A and 
250 mm from C and the standard resistance is 10 ohms, the unknown 
resistance is 

ORA 

X 7 ^^ = 33 ohms 

750 

In practice a convement arrangement is to use the altematmg current of a 
shodong coil as a generator, and a pair of headphones as a detector When 
headphones are coimected with an altematmg current a buzzmg sound 
occurs When no current passes there is silence, and aU you have to do is 
to shde the tapping key to the pomt D on the wire where no sound is heard 
If you then know the resistance of the arcmt and the voltage, the current (C) 
is calculable from Ohm’s law, smce C = E — R Thus if the E M F is 
110 volts at each pomt m a hghting arcmt and the resistance of a lamp is 
220 ohms, the current which flows through it is 0 5 ampere With the aid 
of the Wheatstone bndge we can test the truth of Ohm’s law by comparing 
the resistance of conductors of different lengths, thidcness and material 
without recourse to protracted chemical measurement 

You will notice that the defimtion of the standard ohm specifies the 
temperature at which resistance is measured Resistance does m fact vary 
with temperature, though not greatly withm the customary limits of room 
temperature. This ffict is used m determining very high temperatures By 
measuring the resistance at different temperatures registered by an ordinary 
wire we can ascertam how much the resistance changes per degree, and m 
this way we can use the resistance of a wire to measure temperatures beyond 
the limits at which ordinary thermometers, depending on expansion of a 
flmd or gas, cease to be workable (see p 678) The resistance of a few sub- 
stances IS also affected by hght This is characteristic of selemum, an element 
alhed to sulphur So it is possible to reproduce differences of light mtensity 
as differences of current strength 

Mechanical vibrations associated with auchble soimd are converted mto 
current variations m the micxophone or telephone transimtter The c»n- 
struction of the telephone transmitter or microphone depends on the &ct 
that Icxise contacits between conductors naturally have a high and variable 
resistance This is because vibrations bring contiguous suifftces mto contact 
or separate them For this reason terminals should always be firmly screwed 
down The tranamtter of a telephone is a box of which one &ce is a flexible 
diaphragm The latter responds readily to sound vibrations. The carbon 
granules lying against the opposite ffice are cmmected, like the chaphragm, 
m senes with the circuit Bebveen the two the space is lightly pacfeed with 
carbon granules forming a loose contact. Each mechanical vibraticm produced 
by the voice or an instrument therefore produces a change m the resistance 
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of tlie circuity and m consequence a corresponding jBuctuation of the current 
when a steady source of E A1 F is supphed by the generator 

Since the heating effect in a circuit is greatest where the resistance is greatest 
the high resistance which ae\elops at a loose contact can be used in another 
way Electrical welding depends on the production of intense heat at the 
interface between two pieces of metal m loose contact when a strong current 
flows across it 




Fig 338 — ^Texjbphonb Receiver (or Loud Sjpeaker) Above, with Magnet (M), 
Coil (C) and Iron Diaphragm (D) Telephone Transmitter (Microphone) 
Below, with Carbon Diaphragm (D) Connected with Terminal T^ and Carbon 
Granules (C) Connected with Terminal T 


THE MEASUREMENT OR POTENTIAL 

Two met±Lods of measuring potential or E M F are commonly used when 
the current supplied is direct and steady The first is the voltmeter We 
have seen that a suspended magnetic needle is deflected by a current flowmg 
parallel to its axis as m a railway tel^raph, and it is easy to make a scale 
showing how much current corresponds to how big a deflection of the needle 
Such an arrangement is called a galvanometer The scale divisions can be 
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siiJing contact ?3 i-^cre^^ses or oumi^sbes the resistance of the circmt 

YTe can tnas mark ofT scale di^ sions corresponding to so many amperes or 
frc^ctions of an ampere 

Although an .nstrunier: cenprated in thus '“ould not be suitable for 
fndmg the ci^ient o.a n?i. iy 2ovting in a carc^t because its ov^n resistance 
would reduce the cwren:^ x can be used between axij two 

pomts m tne c-arc^t^ ’f^hen xts terxmniua are connected to them \il we 
need to kno\v is tne leststance of tne galvanometer itself If tli^e is Ohm's 
lav^ teJe us th?t C = E — Gor£~ CG Tnai. -iS to ecch scale dia^ion 



Fig 340 

Cdhbrating a galvanometer by current produced when the resistance 
of the circuit is known 


corresponding to C amperes must be multiphed by G ohms correspondmg 
to the resistance of the galvanometer This gives us the correct value of 
E m volts To get G we have only to put the galvanometer m place of the 
lamp m one arm of the Wheatstone bndge shown m Fig 337 

Cahbratmg a galvanometer by its chemical action is laborious and hable 
to maccuracy because of fluctuations in the value of the current In practice 
It IS therefore better to have an independent way of measurmg voltage An 
alternative device is called the potentiometer This consists of two essential 
par ^9 a uniform wire, which has its terminals connected to the terminals 
of a constant source of voltage, e g« an accumulator, and has a shding contact 
like that of a Wheatstone bndge, together with a detector The detector is 
a galvanometer, but as it is only used to detect current, it need not be gradu- 
ated accurately, or, mdeed, at all All that matters is that it should be sensitive 
to very sTnall cunrents* The use of the potentiometer depends on an analogy 
between the flow of dectnetty and the flow of water 
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A pipe offers resistance to the flo’vv of water, and there is a continuous 
drop (Fig 341) of pressure head along the length of the condmt from a 
cistern while water is flowmg out of it With a galvanometer we can show 
that if A and B (Fig 342) are two pomts on a wire carrying a current, there 
IS a contmuous drop of potential between A and B That is to say, the 
deflection is always less when the terminals are connected with A and C, 
any pomt between A and B, than when they are connected with A and B 
If the galvanometer has been graduated m scale divisions correspondmg to 
volts, as described above, the voltages are proportional to the resistances 
between the two pomts to which the terminals are attached So if the wire 
AB is of uniform thickness and material the ratio of the voltages Eab Eac 
IS the ratio of the distances AB AC 

If we have first satisfied ourselves that Ohm’s rule is correct, by testmg 




Fig 341 

Drop m pressure head of flowing water, where a high resistance is inserted For purposes 
of illustration the gradients are exaggerated 


the resistance of measured lengths of wire on a Wheatstone’s bridge, it is 
not actually necessary to perform the experiment descnbed The conclusion 
stated follows from it, if Ohm’s law is true of every part of a circmt m which 
an electric current (c:) flows Thus, if AB is a wire of uniform thickness and 
matenal connected to a battery at each end (Fig 342) the EM F (Ej) 
between two pomts A and B separated by the length of resistance is 
cRj, and the E M F between two pomts A and C separated by a length 
of resistance Rg is cRg^ so that 

Ej z E2 Rj • Rg 

Smee the thickness is uniform the ratio 

Ri R2 = /j • I2 

Ej E 2 == /i /2 

The prmaple of the potentiometer is illustrated m Fig 343 If two 
generators with the same E M F* are joined by *‘Iike” terminals (+ to + 
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or — to — ) a cunent detector will register no effect If they are not of the 
same \oltage a small current mil flo \^5 and it \\ id be approMmately the same 
as the current produced by a generator whose ^ oltage xs equivalent to the 
difference between the \ oltages of the cells If ^oee lower half of Fig 34 J) we 
connect the positive ter-iunal of a standard cell of knovvn \ oltage to the posi- 
tive termmaJ A of the potentiometex AD, and 2 *.s n.egati^e termmal to 
the negative termmal B, current will flov round the circuit mcludmg the 
standard cell, when its voltage is less Jian the EAiF between A and B 



Fig 342 


Drop of potential m a circuit between two points A and B 

This will be shown by deflection of the magnetic needle m a galvanometer 
placed m senes with the standard cell At some pomt P the voltage between 
A and P will be just the same as the voltage of the standard cell, and no 
current will flow when the cell is connected with P mstead of with B If one 
terminal of the standard cell is fixed at A, which is connected with the battery 
terminal of the same sign, the other can be connected to the wire by a shdmg 
key, and by tappmg the latter at mtervals along the wire wre can find the 
pomt P situated at a distance from A When the standard cell of E M F 
S has been tested, a cell of unknown voltage (V) may be tested m the same 
way to find a **null point” C at a distance from A Smee the voltages 
Eaf and Eac m the same ratio sts the resistances of AP and AC, 

S /a 
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The potentiometer method is based on Ohm’s rule, and does not require 
the use of a galvanometer graduated m volts So it can be used to determine 
the voltage between two points which give a particular deflection of tne 
galvanometer when connected to its termmals Hence it can be adapted to 
graduate a voltmeter directly Having settled on a simple method of measur- 
mg voltage (E M F ), ohmage (resistance), and hence, mdirectlj', of finding 
amperage (current) without recourse to the laborious method of chemical 
analysis, we may now examine the various characteristics of cui rent electricity 


XX X 





Pig 343 — ^Principle of the Potentiometer 


and the use to which they are put The most important are (a) the heatmg 
effect, Q)) the chemical decomposition, (c) magnetic phenomena, (d) spark 
discharge through a gaseous medium The last of these will be left till the 
next chapter 


THE HEATING EFFECT 

If the voltage supphed to a circuit is fixed. Ohm’s law tells us that the 
current which flows through it falls off if a high resistance is mtroduced 
into the circuit Thus long fine wires inserted between the terminals of a 
cell and electrodes dipped in a solution of silver mtrate result m the deposition 
of less silver than would be deposited if the electrodes were connected with 
the battery by short thick wires. In the same way (Fig 341) a narrow pipe 
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inserted m the outflow from a cistern greaJv' reduces the rate of flow Resist- 
ance to an electric current or to a water current entails loss of power to do 
mechanical woik> or to proauce chemical and magnetic effects, and, as we 
should expect from the Conservation of Energy , this is associated with the 
production of heat Tne heat is mcreased if e oat^eij of several cells is substi- 
tuted for a smgie ceil, ana the current winch flows iC then, of coarse^ greater 
Hence the heaung piocluced bv a current aepends on ffie strength of the 
current and the resistance encOwinteied 

In the experiments already mentioned Joule fovmu that the mechamcal 
work done by an electiic mo+or diivea a betterv current, and the heat 
produced by the same current durmg the same nine mterval, are both 
propomonsu to tl.e resistance of the wu:e and to the square of the current 
strength, i e 

= C®R, where & is a constant 
Smee C = E — R, we may also write this as 


= E2 - R 
or = EC 

It IS easy to test this rule by means of apparatus such as Joule used fsee 
Fig 344) With the exception of the silver current meter, the parts can be 
bought m a departmental store For home-made outfits a secondhand 
ammeter may be substituted for the chemical one 

The form of Joule’s law is not surpnsmg, when we recall how energy is 
measured The loss of a defimte number of work umts is assoaated (see 
p 605) with the production of a fixed number of calories If a water current 
makes a water-wheel rotate, the mechanical activity m a fixed mterval of 
time depends on two things A large bulk of water at a low pressure is not 
as effective for produemg work as the same bulk pro|ected at high pressure 
Conversely a thm jet projected from a hypodermic needle is less effective 
than a copious stream at the same pressure The rate of workmg thus depends 
both on flmd pressure and on rate of flow So if we are lookai:^ for umts 
to connect the measurement of heat wnth the measurement of electrical 
changes we should expect to find that heat production m umt time depends 
on the product of voltage and amperage 

The product EC (or what is the same tfamg C^, or E® — R) is called 
the electrical power of the circmt The umt of electrical power is defined as 
the electrical power of a circuit when the terminals have a potential differ- 
ence of one volt and one ampere flows between them Experiment then 
shows that the heat production is 0 239 calorie per second Hence 

*(0 239) =1X1 
& = 4 18 

This means that when the heat production (H) of the circuit is one calorie 
per second, the number of umts of electrical power is 4 18 We have seen 
an 606 that the production of 1 calorie per second mvolves an output of 



696 Science for the Citizen 

4 18 X 10*^ ergs per second So one unit of electrical power is equivalent 
to or ten million imits of mechamcal power in the international system 
Ten million mtemational power umts (ergs per second) correspond to one 
waiU which is thus the unit of electrical power as well 

From our defimtion^ the number of watts standing for the power pro- 
duction of a circuit is the product EC (= C^R = — R), when C, and 

R are measured m volts^ amperes, and ohms Thus a current of 3 amps 



Fig 344 —Electrical Equivalent of Heat 

A battery is m senes with a silver-silver nitiate voltameter and two known resistances 
(Rj and RJ immersed m the same quantity of water The electrodes of the silver 
voltameter are weighed The key K is inserted to complete the circuit After ten 
mmutes the key is removed If the mitial temperature was T, it will be found that 

Ti -- T R, 

T» — T “ R, 

Smce the quantity of water, aftected is the same, the heat developed is proportional 
to the nse in temperature, 1 e 

Ha R, 

The electrodes are weighed to see how much silver has been deposited This gives 
the average current C in the first eiqienment The available current is now reduced 
or mcreased by changing the variable resistance The water is allowed to cool to the 
temperature T and the key is agam inserted After ten mmutes, the new temperatures 
tx and tx arc recorded, and the electrodes weighed to get the mean current (c) the 
second experiment It will then be found that 


j9! 


Tx —T T, — T 

— T — T 


le C»ocH 


at a voltage of 50 corresponds to power production at 3 x 50 — 160 watts, 
and a current of 2 amps flowing through a resistance of 16 ohms corre- 
sponds to 2^ X 16 = 60 watts Lamps are usually marked with the number 
of watts developed at a given voltage In effect this tells you the resistance 
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and current at the same tune For example, a lamp ma 3 be marked 50 W 
110 V Smce W = — R, 

R = CllO)* — 50 = 242 ohms 

And smce W = E C 


C = 50 — 110 = 0 45 amp 

Thus a lamp so marked has a resistance of 242 ohms, and ■when connected 
with a supply at 110 volts uses a current of 0 45 amp 

You can now calculate the heatmg power of an electric stove from the 
electrical power which it dehvers If you turn back to p 594 you will see 
that 1 watt represents 0 057 B Th U per mtnute To bring a kettle holdmg 
one pound of water from room temperature (say, 62® F) to boilmg pomt 
(212® F ) you have to raise it through 150° F , and hence require 150 B Th U 
To boil a pound of water m half an hour you will be using up heat at 
150 — 30 = 5 B Th U per nunute Smce 1 B Th U per nunute is eqmvalent 
to 1 — 0 067 watt, the electncal power required to boil one pound of water 
m half an hour is 6(1 — 0 067) = 88 watts 

One important thing to notice about the heatmg effect is that it is not the 
same m aU parts of the carcmt It is greatest where the resistance is greatest 
You can get a clear picture of what is mvolved m a “short orcmt” by applymg 
the electncal eqmvalent of heat production to a concrete example Suppose 
aU the wiring from one “pomt” m a house circmt supphed at 100 volts is I 
ohm, and a lamp of 200 ohm resistance is turned on The total resistance is 201 
ohms The current by Ohm’s law is 100 — 201 , 1 e 0 6 ampere (approxi- 
mately) In the lamp the expenditure of power will be C*R = (0 X 200, 
or approximatdiy 60 watts. This represents approximately 12 calones per 
second The specific heat of charcoal is about 0 26 If no heat were lost to the 
surroundmgs, this would raise 1 gram of charcoal through 48® C m 1 second, 
and a carbon filament weighing about one-fortieth of a gram through about 
2,000® C m 1 second In the rest of the circmt the heatmg power pro- 
duced would be C*R = (0 6)® x 1 = 0 26 watt, or roughly 0 06 calone per 
second The specific heat of copper is about 1/11 Hence 1 calone raises 1 
gram of copper through 11° C , and 0 06 calone through roughly 0 7° C If 
the copper wire connectmg the pomt to the lamp weighed 10 grams, it would 
therefore be developing heat at less than 0 1® C per second Suppose now 
that tite ends of the wires touch, so current is dnven through 1 ohm at a 
potoitial of 100 volts The amperage is 100 This means that the production 
of heatmg power at the rate of 100® x 1 = 10,000 watts or 2,390 calones 
per second. This would raise 10 grams of ccqpper 11/10 x 2,390®, or about 
2,600® C m a second, and instantly melt it, mcidentally settmg the house on 
fire To safeguard against this, circuits are always fitted with fuses, i e at 
some pomt m the circmt a wire with a lower melting pomt (and rather higher 
resistance) than the mam wires is inserted When short orcmting occurs, the 
fuse melts first, thereby breaking Uie circmt The practice of replacing a 
fuse by a lady’s hairpm is not advisable 

The connexions of a house circmt raise another problon which also illus- 
trates the use of Ohm’s law. From the two termmals at which current is 
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delivered to the house the various points are connected in "^parailer* (see 
Fig 345) When two resistances and 1 2 connected in senes (Fig 345) 

1 e consecutively vuth a generatoi, the whole res*«stance of the cucuit is 
raised to ri + >25 cuiient is therefore reduced When the same 

two resistances are connected m paiallel^ 1 e separately to the tciminals of 
the same generator, the result is quite different The total lesistance of n?e 
circuit IS less than the resistance of cny smgle branch m the circmt The 
simplest case to take is a circuit w'lth two branches (Fig 315 ) If the tota^ 
resistance m the circuit is Rj tne current flow mg througn the common cables 


'Se^t^bsaiccs 





CgO. 


r- 




Resistances and cells in senes and m parallel with connecting cables 
of thick copper wire 


AB, CD of neghgible resistance is E — R In the branch with resistance r, 
the current is 

Cl = E — rj 

and m the branch with resistance the current is 

C2 = E — Tg 

Since the total current C == Cj + Cj 

E^ E E 

R ri rj 

i + i. 

R rj Tg 

Tj + rg 
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Thus if *1 Id xO cozLjis snJ $2 *3 Ic C 2 :n«is the total resi&tancc is 150 — 25 
= 6 obins 

Suppose, t^ct fc-ie gener^'tor is a Si-OxCga ceJ of 2 ^ c^ts When alone 
IS connected to a 1 tac cunen^. f.oi lag -.2 2 — iO = t 2 amp When i j alone 
IS connected the current is 2 — "5 = «• IS zjdv If note^er both fme con- 
nected m parade! ibe cnnent '^Lch tne common caole AE 

and CD ^ast^med to hc^e negiigic-c rei.*&tanc<=^) s 2 — b = U 3J atiip 
Imagine that tne storage ced a pov^er 30 u TidI thus see that 

when aU the hgnts of the nccse are svitchen on the c’^-rreni which Cows 
through the cable connecting 5 ^ojr Lo«.c3 to a oistiiouung stanoa is greater 
than It IS w^hen onlj one is on This 'hat the ncfiung ef ect m the cable 

Itself IS increased, and :t tnerefore must be capaoie of sjstammg the extra 
Current which it caraes wnen a large number of lamps are m use. 


The internal resistance of the circuit is 1 


The formulae just given for resistance of conauctors m parallel ana senes 
lead to an interesting concias*on about the best waj to connect ceds hJe 
a current is flovraag through a ceil encounters the resistance of tne cell itself 
In ordinary conditions of working this is small compared n.tn the ‘‘csteinar 
circuit, as cells are easily fatigued (* polarised”) if the cunenl iS large When 
two cells of the same E M F (B) and internal resistance (f) are connected m 
senes (Fig 345) the total resistance to the current is simply the sum of the 
external resistance (R) and the mtemal resistance of the two cells (2r) The 
total E M F IS 2E, and the current accordmg to Ohm’s law is 2E — (2r + R) 
If connected m parallel the E M F which drives the current through the 
external resistance is the same as it would be (E) if only one cell were used 

ance is R + Ir The current is therefore E — (R 4- ^r), or 2E — (r -f 2R) 
If r IS very small compared with R, i e if the external circuit has a very high 
resistance and the mtemal resistance of the ceil is negligible by comparison, 
the current is 2E — R when the cells are connected m series, and E — R, 
or half as great, when they are connected m parallel When the external resist- 
ance is small and the cells have high mtemal resistance so that R is negligible 
compared with r, the current is E — r when they are connected m senes, 
and 2E — r, or twice as great, when they are connected m parallel In practice 
the mtemal resistance of the cell is usually small, and if we wish to maintain 
a steady current, the external resistance must be large to prevent fatigue, so 
that the remarks made on page 680 hold good On the other hand, high tension 
dry batteries are often made with very high mtemal resistance, so that m 
calculating the current produced the latter is relevant (see Examples 1-6) 


DC V.- 

G 


- So the total resist- 
2 


Calculations of heatmg power already given illustrate tlie kind of measure- 
ments mvolved m designmg a suitable filament for an electric stove or radi- 
ator, and in supplying them with the requisite current The problem of 
designir^ a lamp is essentially similar, smee white light is produced by the 
mcandescence of the lamp fikment. Lamp filaments axe therefore required 
to sustam mucdi higher temperatures than the filaments of a radiator or stove 
This entails two problems. The first is to prevent osidation of the filament. 
This used to be done by evacuating the globe Vacuum ^obes have two 
great drsadvantages. The first is that they easily burst, and the second is 
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that a very high vacuum is necessary to avoid any oxidation An altemame 
procedure is to fill the globe with an men gas, for which purpose argon is 
specially suitable, and frequently used The other problem concerns the 
best material to use The filament must have a very high meltmg-pomt, 
and a very low specific heat While working it is contmually losmg heat 
So heat must be contmually supphed to keep it at mcandescent temperature 
(see p 678) 

The first electnc Tam ps had carbon filaments which have a high specific 
heat Later the metal tantalum was substituted To-day tungsten filaments 
are used This metal has a very high meltmg-pomt and (p 678) a compara- 
tively low specific heat Thus a carbon filament lamp gives 0 26 candle power 
(p 172) per watt (i e. a 60-watt lamp gives 16 c p ), while a tungsten fihunent 
will give about 0 6 candle power per watt (i e a 60-watt lamp gives roughly 
35 c p ) Hence the lighting efficiency of a lamp of the Osram type is more 
than twice as great as the TigTi tmg effiaency of the original Edison type 
In the best gas-filled tungsten filament lamps it may be eight times as great 
The “half-watt” lamp has an efficiency of firom IJ to 2 c p per watt, and 
lamps givmg as much as 600 c p are now sold fot household use For mam 
street liglii-mg lamps of 3,000 to 4,000 cp have replaced the old carbon 
arc light 

The watt represents the rate at which the circmt is workmg It corre- 
sponds to a defimte amount of heat produced m umt time Costix^ electnc 
supply, hke costing heat production m terms of B Th U , is based on the 
to^ energy consumed, and the total electncal eneigy consumed depends 
on the time The Board of Trade timt is taken as an output of 1 kilowatt 
(1,000 watts) over one hour Suppose, for mstance, the diarge is Id per 
umt This means that 1,000 watts can be used for an hour, or one watt 
can be used for 1,000 hours at a cost of one penny If a 16-c p. carbon lamp 
IS run off 250 volts at an amperage of 0 22 the power required is 260 x 0 22, 
or 66 watts (0 066 kilowatt). The lamp consumes 0 066 umt per hour, 
and can therefore be used for 1 — 0 066 = 18 hours fox one penny. This 
IS 16 X 18 = 288 “candle-hours ” A 60-watt lamp can be run for 1000 — 
60 s= 17 Jhours approximately at the eiiqienditure of one Board of Trade umt 
If used SIX hours a day every day m the year the number of hours is 365 x 6 
s= 2,190, and die cost at a peimy a umt is, therefore, (2,190 — 17) pence, or 
roughly ten shillings. You can tho^fore make an estimate of what your fight- 
ing bill should be, if you remember to turn off the switch when you leave the 
room 

Just as It is possible to produce heat by an electnc current, it is also 
possible to produce an electnc current by heat. If the two ends of a wire of 
one metal are jomed to the two ends of a wire of another metal, a current 
Hows through the circmt when the temperature of one junction is not the 
same as that of the odier. This is illustrated m Fig ^6 Some metallic 
junctions are more sensitive to differences of temperature than are others 
Antimony and bismuth make a very sensitive combination. For any particular 
“thermocouple” the E M F between the two junctums dqiei^ on the 
differmice of temperature So if one junction is kept at a fixed temperature 
the current which flows can be found, and once found used as a means oi 
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fin d ing the temperature of the other junction Since it is possible to make 
galvanometeis nhich aetect ver^ minute currents, the thermocouple is a 
v'astly more sensitive thermometer than a liquid or gas thermometer (see 
p 174 , Chapter III) Tne best thermocouples are capable of detectmg 
temperature diiferences as sni'^ll as one millionth of a degree centigrade 

CHEMICAL DECOMPOSIXiOiS: 

In contradistmction to the heating effect, naich vai4.es m uifferent parts 
of the same branch of a circuit when the resistance is not uniform, the 
chemical and magnetic effects depend onij on the current which flows 
th'‘ough anv branch Curiert is rrersare'i h', ihe chc-mcal or magnetic 



Fig 346 

Current produced by two thermocouples at different temperatures. 


phenomena m the brandi of a circuit They are thus the same m all parts of 
the same branch 

Conductors of electricity may be divided into two classes Pure metals 
(and other elements, e g carbon, which conducts electricity tolerably well) 
^ not undergo any chemical change either m the sohd state or when molten 
if a current is passed through them, unless of course they are heated suffiaentiy 
to undergo oxidation Compounds which conduct in solution or m the 
molten state break up mto their elements, or mto simpler compounds 
MetaUic salts break up with the hberation of metal deposited on the negative 
electrode while, generally speakmg, add together wurh free oxygen bubbles 
collects at the positive electrode In the etecnxolysis of salts like chlorides 
which contam no ox3^;en, the non-metallic element is hberated at the 
positive electrode. 

In an earlier chapter we have already referred to the view that substances 
which (xmdact dectnaty m solution break up when dissolved mto electric- 
ally chaitged sub-molecules or 10ns The conclusion that th^ do break up 
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IS based partly on the facts already explained (p 450j, but 'was cngmally 
suggested by Faraday researches on the nature of ‘^ciecuolybis ” Faiadaj 
discovered two things about chemical decomposiDon by tne cuirent The 
first IS that if several pairs of electrodes m senes with the same genera toi 
are placed in solutions of different salts of the same metal g copper 
chlonde, copper sulphate, and copper rntrate) the amount of meiol whxch 
is deposited on the negauve electrode is the same This means that the same 
current hberates the same amount of a metal from any of its salts The second 
fact Faraday discovered is that when several pairs of electrodes m senes with 
the same generator are placed m solutions of dijfterent metals, the amounts 
of elements hberated are proportional to their combimng weights. 

Suppose, for instance, two pairs of plarmum electrodes are connected m 
senes with a battery, one pair dippmg m a solution of copper rntrate and 



one pair m a solution of silver rntrate In one copper, and m the other silver, 
will be deposited on the negative electrode, and the ratio by weight of copper 
and silver will be 31 8 • 108 The atoimc weight of silver is 108, and it is 
monovalent The atomic weight of copper is 63 6 In copper rntrate Cu(N 03)2 
one atom of copper takes the place of two atoms of silver m silver rntrate 
For instance, the reaction between silver rntrate and copper chloride leading 
to the formation of the insoluble hght<^sensitive chlonde of silver which is 
preapitated from solution occurs thus: 


Cua^ 
(1 atom 
of 

copper) 


+ 2 AgNOs 

(2 atoms 
of 

silver) 


Cu(N 03>2 + 2 Aga 

(1 atom (2 atoms 

of of 

copper) silver) 


In other words, 63 6 grams of copper replace 2 x 108 grams of silver m a 
chenucal reaction between their compounds, or 31 8 grams of copper replace 
108 grams of silver This means that when the same current acts for the 
same length of time on solutions of two dififerent metals, the ratio of the 
weightsofthe two metals deposited on the kathode is the xatio of the weights 
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Vviiicii replace one anctLe: in a icacucnj such as the double decom- 

posmon tnc ^ 

The ionic hjpotii^s s sc^~ec^ec 4.0 rccv/^nt Tor ihe>e facts is that m solution 
molecuies of n cto^c morc^e Dreal’ do^'n c-*o--iio ecules or lon^ \Kith 
equal ard opposite e^ect ->0 enniges c^ecr^^ca*. cL r^ed pun baJs^ the 

positive*/ charged 10ns are atirccte^ c *1 e *^cgun e Cj.ee' rode, and the 
negatively chargee caes to tre vrs*L.,e cc _ *,c, **“rj 5 ace iret^is go to 
the Kadiode ^negaii^e electro^*- tre .e* i*.c i.^n e Thus ciivei 

mtrate AgNC^ ceccint.*i 


and copper nitratta v h*cn Cu^XO^^ z^zz:z.zr 

Cu^- -- - (>:o^ , 

Since the same current Lberates the same v eight of an\ meta from any of its 
salts, the charge on the same metallic ion is the same whatever the salt from 
which It IS derived It is also true that the amount of the same acid hberated 
from any one of its salts by the same current is me seme So the charge on 
the aad ion of an aad is the same Smee copper nictate breaks up to form 
2 ions of mtnc aad ion (NOj), the copper ion mast carry m^ice the charge 
of the silver ion, and smee the silver ion is a smgle positively charged ion one 
copper atom is electncally equivalent to two silver atoms The weights of 
silver and copper deposited by the same current should therefore be m the 
same ratio as their combmmg weights (1 e atomic weight — valency) 

According to the lomc hypothesis the reason why oxygen is usually given 
off at the positive electrode is because the acid ion cannot exist when it 
loses Its charge There is no known substance with the formula NO3 So it 
IS assumed that when the negative charge of the NO3 ion is neutralized 
at the positive electrode, it may combme ^vith the metal of the electrode 
which IS worn away, but m any case usually combmes as well with the 
water thus— 

4 NO; + 2 HaO =02 + 4HNO3 

On the other hand, a chloride like NaCl m the Castner process breaks up 
mto Na+ + a*" Two chlonde 10ns can exist as the pure substance chlorme 
(CI2) when the negative charge is removed So chlorme is given off at the 
posiuve electrode. This was how chlorme was discovered to be an element 
by Davy 

When a current passes through electrodes dipped m any aad which 
attacks the metal of which the electrodes are made, metal is transferred 
from the positive to the negative electrode Thus if silver electrodes are 
dipped m mtnc aad, the 10ns separated by the current are H'*' and NO3, 
and at first hydrogen is hberated at the anc^e As the reaction goes on silver 
nitrate is formed at the espense of the silver positive electrode, and this is 
decomposed with deposition of silver on the kathode Si mi la r ly when 
platinum electrodes are dipped m hydrochloric aad the positive electrode 
18 worn aw^ by lormaaon <rf platimc chloride, and a black film of finely 
divided spongy platmnm is deposited on the kathode. 
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TTie spongy plgnmnn deposited on a kathode m this way has the power 
of sucking up hydrogen or any other gas just as blotting paper sucks up ink 
This idiosyncrasy makes it easy to understand a phenomenon which is the 
basis of “polarization,” the term apphed to die fact that cells become cured 
when they are allowed to dehver a large current for some tune If two elec- 
trodes, both coated with spongy “platmum black,” are dipped m a solution 
of any electrolsrte no current flows when they are connected If a jet of 
hydrogen bubbles plays on one and a jet of oxygen bubbles on another a 
current is set up Thus if suitable arrangements are made to imprison them 
hydrogen and oxygen behave like the metal plates of a cell, and experiment 
shows that die hydrogen electrode is die negative one Smce hydrogen is 
at the positive electrode when a cell of copper and zmc plates 
dipped m sulphutic aad is working, the effect of this is to set up a current 
m the opposite direction. So the current delivered by a battery of such cells 
is rapidly fgtig iiod, regaining its strength after a rest which allows the bubbles 
of gas to disappear We might, of course, diarge two spongy platinum dec- 
trodes with hydrogen and oxygen by immersing them m dilute aad and 
pgggiTig a through them Hydrogen then collects on the negative 

and oxygen on the positive electrode till both are completely saturated 
On out the generator and connecting the two electrodes a current 

can now be obtamed fcom the platinum electrodes This gives you a picture 
of the mvolved m the construcdon of the storage battery with two 

gitnilnr dectrodes of spongy lead Such re-dbargeable batteries are now 
replacmg the older type of battery with electrodes of different elanents. 

Various devices are used to prevent polarization of ordinary cells In the 
fv>tnTnnn “dry ccll,” onc electrode is made of zmc (— ) and one of carbon 
(-{-) as m the old Leclanche cell of beU circmts, the carbon rod is surrounded 
by a Stiff paste of manganese and lead oxides, and the re maining space 
between this and a zmc cylmder is packed with a thinner paste of plaster 
of Pans and sal ntntnfmiac (ammomum chlonde) Needless to say, the con- 
tents are not truly dry If they were there would be no ionization, and 
therefore no current. 

The hypothesis which e^lains why a current decomposes an dectro- 
l 3 rte, also provides an «q>lanation of how the cell works When two different 
mrtgia are placed m a solution of electrol 3 rte they do not react with it to the 
agtwf extent Hence the concentration of ions at the surface of the two electrodes 
is This implies two thmgs at the same tune a difEhrence of osmotic 

pressure and a difference of ^ectnc charge, and since both are different aspects 
of »"<* the same phenomenon there must be a definite connexion between 
the two Difference of osmotic pressure means power to do work, which is 
related m a manner to brat production (p 90S), as are also the E F 

and of a cell So if we know either, the first law of thermodynamics 

us how to find the other If we know all the ch em tcal reactions mvolved, 
the njam nfir pressute differences are calculable Thus the E M F. of a cell can 
be ratfiilntad if the lomc hypothesis is correct. This has been done successfully 
for a few cells m which the chemical changes ate fully understood. So the 
hypothesis gives a coxxect account both of the chemical charges which 
result m the products of a current and the chemical thaiges whkh resub from 
the apphcatimi of a curzrait. 
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THE MAGNETIC EFFECTS OF A CURRENT 

In the neighbourhood of a magnet a compass needle does not take up 
Its usual position along the magnetic meridian, unless the magnet is also 
placed ^ith its axis m Ime with that of the needle along the meridian The 
space m the neighbourhood of a magnet is therefore called a field of magnetic 
attraction, and the magnetic pnenomena ch^acteristic of the electric current 
are summed up m the statement that the space m the neighbourhood of a 
conductor, while current is passmg through it, becomes a magnetic field 
A magnetic field is polar, 1 e exercises equal and opposite effects on the 
north- and south-seekmg poles of a magnet suspended m it One pole is 
deflected to the right, and the other to the left of the magnetic meridian, or 
vice vetsa If the magnetic field is due to the presence of an ordinary magnet 
its polanty only depends on the position m which the two poles of the magnet 
are placed 

The polanty of the magnetic field due to a current flow mg through a 
straight wire depends on the relative position of the ends of the wire with 
reference to the termmals of the generator To descnbe the magnetic effects 
due to a current it is therefore useful to adopt a convention for the direction 
of a current In electrolysis of a metallic salt by electrodes of the same metal 
the negative electrode is built up at the expense of the positive one, and 
metal passes from the positive to the negative electrode For that reason 
It is customary to speak of the current as flowmg from the positive termmal 
to the negative one m the external circuit This is a purely arbitrary convem- 
ence It must not be understood to mean an 3 rtbing about the way m which 
electncaUy-charged particles shift m a metal conductor The characteristics 
of the magnetic field due to the passage of a current may then be summarized 
under three headmgs 

( 1 ) If a wire carrying a current lies lengthwise above (Fig 316) the axis 
of a magnet suspended along the magnetic meridian with the N sedkmg 
pole lymg towards the end connected with the positive terminal, it is deflected 
clockwise If the N-$eekmg pole hes towards the negative terminal, it is 
deflected anticlockwise If we adopt the conventional figure of speech and 
speak of the current as flowmg from positive to negative, both rules are 
summarized m the statement that an imaginary man swimming m the current 
above the compass needle would always see the northseeking pole ducted 
to fns left If the wire hes beneath the needle, an analogous rule apphes The 
swimmer, now on his back, would still see the north-seeking pole deflected to 
his left If the wire is turned back so that the current flow^ m the opposite 
direction above and below the compass needle, the deflection is more power- 
ful If the current passes through several loops, each reinforce the effect 
The deflection of the compass needle is then a more sensitive mdicator of 
current 

The sensitivity of the compass needle as a current detector can be further 
mcreased by coupling two magnetic needles with unlike pol^ face to face 
(Fig 348)/ This arrangement or astatic couple is unaffected by the earth’s 
field if both needles are equally magnetized So it is not necessary to arrange 
the wire along the magnetic mendian. If the coil is wound so that the current 

z 
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first passes above the upper needle^, next m the opposite direction below it, 
and consequently above the second which faces the opposite way, then 
below the second, and so on, the airangement is a very sensitive one for 
detecting the ‘*null point” of a Wheatstone bridge or potentiometer measure- 
ment Such an arrangement is one type of galvanometer 

A galvanometer equipped with an astatic couple can be used to measure 
current For makmg accurate scale oivisions showmg the amperage corre- 
sponding to a particular angle of deflection the method described on page 691 
IS not a very accurate one, because a very steady current is dilSicult to get 
If the resistance of the coil has been accurately determmed we can tap off 
two currents from two pomts m a circuit also connected with a potentiometer 
(Fig 349), and make practically mstantaneous observations on the exact 
E M F and deflection simultaneously This gives the scale divisions corre- 
spondmg to a known E M F and scale divisions correspondmg to a known 



amperage are calculated from Ohm’s law Thus if each scale division of a 
galvanometer whose coil has a resistance of 20 ohms corresponds to 0 1 volt, 
each scale division also corresponds to 0 1 — 20 = 0 005 ampere 

In practice a galvanometer cannot be used m the same way both for 
measurmg voltage and for measurmg amperage A voltmeter must have a 
very high coil resistance, or a high resistance must be connected m senes 
with It If a voltmeter of very low resistance were connected with the terminals 
of a high-tension supply (e g* hghtmg circuit) its wares would melt, or the 
fuse of the aremt would do so, owing to the high current transmitted When 
used for measurmg the voltage of a cell, a very high resistance galvano- 
meter IS capable of measuring either the total E*M F, of the cell itself 
or the E M F available to an external circuit m parallel with the galvano- 
meter (Fig 350) A current meter (ammeter) must have a very low resistance, 
so that Its presence m the circmt does not appreciably lower the current 
traversing it It is not necessary to make the resistance of the coil itself small 
If a wire (“shunt”) of known low resistance connects the terminals (Fig 361) 
a known fraction of the current m the circmt traverses the coil Tlie same 
instrument can then be calibrated either fox use as a voltmeter, when 
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the shunt is removed^ or as an ammeter, when it is connected to both the 
terminals G^\ anometers with a si spenced needle are not used nowadays 
05 tne practical engmeer^ because the^ Lave to Oe kept one way up An 
aitemcti^e Vjvz crxratru-renL -"lii be described laie^ on 

Tne c laraclersi^c ‘^n-ch ne nave ::jst described is the basis of the 
Old neecle telegrapr- i*scc m ^ailra} b^a.ons So many defiections to the 
light cr kft ^ z part.cjJ.1^ order coiist:a*.:ca tne letter code, and the trans- 
mission wa& cjrriid ojf b} a for reiersmg the current The 

prii-iCip^e of tue ece-\cr a d J^e elecci..c bar aepeads on the fact 
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Fig 319 

Calibrating a galtanometer by the potentiometer method 


that a coil of wire through which a current is flowing behaves like a magnet, 
especially if a core of soft iron is placed inside the coil Such an arrangement 
IS called an electromagnet Very strong electromagnets are used for hfhng 
steel rails, and, m occupational surgery, for removmg steel filmgs from the 
eye If a coil is wound clockwise away from you witi the end of the wire 
connected with the positive terminal nearest to you, the end of the coil 
nearest to you is the south-seekmg pole Adoptmg the usual convention, this 
IS the same as saying that if current flows clockwise away from you the end 
&cmg you is the south-seekmg pole 

What makes the electromagnet such an important mvention is the fact 
that Its magnetism can be destroyed and recreated at wiU, and can be made 
greater or less by varying the strength of the current. This is the basis of 
oedmazy tdbptumy A tdqphone system consists essentially of a transmitter 
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and a receiver m senes with a generator The transmitter is merely a device 
by which the vibrations set up by the voice m a diaphragm like that of a 
gramophone produce corresponding fluctuations of the cuirent m a circuit 
The modem transmitter (see Fig 338) does this by the variation of 
resistance through loose contact The receiver is a metal diaphragm placed 
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Fig 350 — Galvanometer used as a Voltmeter 
When there is no galvanometer m the circuit shown, the total resistance is 1 + 5 
= 6 ohms If the cell E M F is 1 6 volts the current isl 6 — 6 = 0 25 amp The 
efecnve E M F m the eictemal circuit is therefore 0 25 x 5 = 1 25 volts When the 
galvanometer is connected across the cell terminals, we have two external cixcuits m 
parallel and the total external resistance R is given by (p 098) 


1 _ 1 1 201 
R 5 1000 ” 1000 


R = 4 975 ohms 


So the entire resistance of the circuit is now 1 4* 4 975 = 5 976 ohms Thus the tota 
current m the common circuit is 1 6 — 6 975 = 0 261 amp flowmg through the two 
branches, 1 e c, 4 ~ 0 261 amp If the E M F available for the two external 

branches is E 

5 Cj = E = 1000 

Cj = 200 c. 

But Cl 4- Cj = 0 261 amp 

c, = 0 261 — 201 amps 

Hence the E M F at the galvanometer terminals is • 

(0 251 — 201) X 1000 1 249 volts 

This differs by less than one part m a thousand from the E M F available for the 
external circmt before the galvanometer was connected Hence the galvanometer can 
be used to measure voltage available to an external circuit as well as to measure total 
E M F of the cell (see Fig 339), if its mtemal resistance (i e that of its ooil) is very 
high. 
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close to an electromagnet the strength of \^hich vanes in imison with the 
carrent In the metal diaphragm this produces \ibrations m unison v>ith 
those set up on the transmitter 

Lnhlte the ordmar3^ magnet tne eieclroniagnet can be usea to mamtam 


c^ciJt So ahzns' 
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If the terminals of a galvanometer are connected by a thick wire (“shunt**) of known 
resistance, it can be inserted m a circuit as a current meter without appreciably reducmg 
the flow Suppose the voltage of the circuit shown above is 100 The current normally 
flo\^ing m It is 100 — 60 = 2 amperes If the galvanometer with terminals connected 
by a 0 1 ohm resistance is mtroduced, the total new resistance (R) added is given by 
(seep 698) 

5=0+1^='°''°^ R = 0 09999ohm 

So the total resistance m the circmt is increased by less than 0 2 per cent The same 
E M F at the terminals of the galvanometer drives a current through the 0 1 ohm 
connexion and a current through the coil of resistance l^OOO ohms, hence by Obm*s 
law 

0 1 Cj = B =* 1,000 c. 

If then the galvanometer has been calibrated for a current driven through the coil at 
known E M F , when used as a voltmeter without the connectmg wire of 0 1 ohm 
resistance, each scale division will correspond to 10,000 times as many amps when the 
same instrument was used as an ammeter with the 0 1 ohm wire in mremt Used as a 
voltxneter without it, a scale division corresponding to 1 volt would be eqiuvalent to a 
flow of 0 001 amp through the coil Used as an ammeter short circuited with a 
0 1 ohm resistance, a volt division would be equivalent to 10 amps The same instru- 
ment with a dial calibrated for volts and amps can be used for either purpose, if the 
low resistance between the terminals can be disconnected by a svutch or put mto the 
aicmt as required 
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motion In the electric bell (Fig 320) a piece of soft iron is mounted on a 
sprmg which brmgs it back mto position when the current is switched off, 
and m so domg switches the current on agam Various types of electric motors 
work on essentially the same prmciple The simplest r pe (commonly sold 
as toys) consists of a soft iron bar (Fig 353) re\o]\mg benveen the noith- 
and south-seekmg poles of two electromagnets The aUe carries a simple 
swntch, which is a nng of two metal parts separated bj two sections of msula- 
nng mafenal This revolves in contact with two sprmga m circuit with the 
electromagnet coils and generator When (A) the sprmgs hrsl touch the metal, 
the circuit is complete, and each end of the bar is attracted to the live pole 
which It is approachmg In domg so, (B), it brings the insulatmg material 
mto contact with the springs, breaks contact, ana bemg no longer attracted 
to the now dead poles of the electromagnet rotates a httle further of its owm 
mertia This again completes the circmt 

An altemauve type is shown m Fig 351 The revolving part carries the 



Fig 3C2 — ^The BuserKOMAGNEX 


coils which are wound so that when the current is passmg the two ends are 
approachmg opposite poles of a strong magnet The axle carries an arrange- 
ment similar to the precedmg The ends of each coil are connected to the 
opposite metal sectors of the nng. Smee the same sector comes alternately 
mto contact with the spnngs connected to the positive and negative termmals, 
the direction of the current is reversed at each half turn, and hence the 
polanty of the electromagnets Smee unlike poles attract each other, the 
direcnon of wmdmg is executed so that the electromagnetic arms have the 
opposite polanty to the permanent magnet ends which they are approachmg 
(m) Electnc motors designed like either of the above are not the type 
much used nowadays to work electrified transport, lifts, lathes, pumps, 
vacuum cleaners, refrigerators, electnc fans, etc The design of these is 
generally based on the application of a third characteristic of the magnetic 
field m the neighbourhood of a conductor carrymg a current (Fig 355) This 
18 the fact that if a coil or loop conveymg a current is free to move about the 
axis of a magnet it rotates at»ut the latter. Seen from above the rotation is 
clockwise if the direction of current through a wire suspended above a 
N-seekmg pole is downward towards the latter. A simple experiment which 
shows this property IS illustrated m Fig 365 A rnodern dectric motor consists 
of an armature of coiled wire arranged radiaBy about the axle of the moving 
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3 £rt “ jrtL xZ rer''=-sa •'clasof t::. renacment nia»xiet (see p 717, 

The speec of -^c t. z. z sj ^ ic!d of a magnet is 
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The electncal eneigy (kilowatt hours) used is proportional to the product 
of the time, current, and E M F Smce the last is fixed at the terminals 
of a house orcmt the number of turns is proportional to the electncal 
energy consumed If it were practicable to make a motor with n^hgible 
resistance, as compared with that of the house circuit when all the lamps, 
etc , are being used, a motor geared down to work a cyclomemr dial could 
therefore be used m senes with the house circuit to measure the number 
of kilowatt hours consumed This is not practicable Smce the meter coils 
have a fairly high resistance, it is connected with the orcmt like an ammeter 
That IS to say, the terminals are connected with a low msistance wire, so that 
a known fiaction of the current is tapped dirough the high resistance of the 
meter coils The minute current drawn off does not appreciably affect the 
consumer's aueount, 
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The ammeters and voltmeters of the practismg electrician are sometimes 
based on the fact that a watch-sprmg placed m a magnetic field undergoes 
torsion when a current passes through it This torsion can be used to rotate 
a dial, and the device is portable Exceedmgly sensitive galvanometers of 
either t3^e used in research work depend on the movement of a straight 
wire or coil m a strong magnetic field Very mmute movements which occur 
when a current traverses the wire can be recorded by focussmg a beam of 
hght on a mmute piece of silvered glass fixed to it A spot of hght is thus 
projected on a screen, and a shift is magnified by moving the screen further 
away Galvanometers of any design can be used as ammeters or voltmeters 




Fig 364 * — K Simple Electric Motor 


by the procedure explained m the legends of Figs 360 and 351, and the 
same methods for cahbratmg the dial are equally apphcable 

Needless to say, the chemical method of measurmg a current employed 
in the earhest researches into electrical phenomena is useless m everyday 
life, because it is laborious, lengthy, and unsuitable unless the current is 
very steady Similarly the ^^eatstone bndge method for finding resistance 
IS only used for very accurate work In everyday practice the resistance 
between two pomts m a circuit is taken as the ratio of the voltmeter and 
ammeter reading The potentiometer method of finding voltage like the 
Wheatstone bridge method for resistance, is essentially one for standardizing 
a more convenient type of instrument for everyday use. 

We have established the basic prmciples mvolved m using such instru- 
ments by using the chemical property of the current as a definition of current 
strength* This leads to a straightfi^nward demonstration of Ohm’s rule If 
we take the magnetic effect as a basis of measurement, we have to decide at 
the outset on a suitable unit of deflection. If we anopted the angle itself we 
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should not arrive at a simple relation betiveen the contributions which the 
generator and the circuit make to tne elTects oDser\^ed E\peiiment actually 
shows that the current as we have defined it xs proportional to the tangent of 
the angle through which the as^^atic coapie of a simple galvanometer is 
dedected^ and this is m agreement w*th the re^v-Its ed at b> elaborate 
mathematical anal>sis based on the expeimentai laws of niagnetic attractions 
and the conservation of energy To grasp the prmciple winch underhes the 
use of the magnetic effect it is not necessary lO underst«*iid the theory of 
magnetic attractions We can mark oft a dial suitable for qaiC*v and convement 
measurement of current by its magnetic effect^ jtf we have any mdependent 
method of meastuing a currenta just as w e migh. maiis oil the scale div isions 
of a lever weighmg machme by tr^mg out tne position of the nder and the 
counterpoise equivalent to different weights on the pan 


+ 



Fig 353 — AIotion of a Current in a AIagnetic Field 

If the positive terminal is connected above and the negam e terminal below, the wire 
rotates clockwise as seen trom above 


THE DYNAMO 

Babbage^ then Lucasian professor m the Newtoman succession, wrote 
his tract the Decline of Science in Englaitd m the year 1830 He was con- 
cerned with the state of the official organs of Enghsh culture In the ensumg 
year the future of electrical technology was revolutionized by a group of 
discoveries made by men who were not products of a well-estabhshed social 
culture They were made mdependently and simultaneously m England by 
Michael Faraday and m the Umted States by Joseph Henry The scientific 
careers of both men were made possible by the creation of new machmery to 
produce, as Sprat said of the early Royal Society, “a contmuous succession 
of mventors ” Faraday followed Davy as head of the Royal Institution, 
founded m London by an American citizen, named Benjamin Thompson, 
to encourage the apphcation of science to industrial and domestic economy 
Henry became the first director of the Smithsonian Institution, and m that 
capacity his researches covered a wide range of practical problems, indudmg 
the invention of a system of fog signals to protect shipping Vast private 
fiirtunes were made as the outcome of their discoveries Both men gave their 

z* 
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advice frecly^^ and subsisted on salaries from v^iiich tne^ accumoLiied nc 
substantial property to lea've behind them As head of the Ro>ai Instituaon^ 
Faraday received £100 a }cai with coal and candles 

Their careers thus illustrate a new featuie m the lustor/ of capiwaltsni Tne 
entrepreneur had ceased to be a man of like stature as Roebuck, Boulton, or 
Wedgwood Henceforth how wealth accumulated becomes more and more a 
tale of how discoveries made by public servants m mstitutions enaowed 
m the pubhc inteiest axe di\ erted by credit monopoly to private gam 

The Snuthsoman Insutuuon m ashmgton is a foreiunnsr of the la*ge- 
scale puohc laboratories m which the bulk of moaem scientific reseaxch is 
conducted It was, as W H Taft put it, the mcubalor of American Science, 
and as such its history offers an entertaining footnote to the place of saence 
m contemporary avalization It was staitea by a bequest which passed mto 
the hands of the American Government m 1837 undei the wiU of James 
Smithson, bastard son of Sir Hugh Smithson, first duke of Northumberland 
The latter had enlarged his resources by marriage with the Peicys, whose 
estates were nch m minerals He rapidly accumulated a fabulous fortune oy 
exploitmg iheir coal resources with brutal disregard for the health and safety 
of the mmers of both sexes and all ages A century and a half have smee 
elapsed His family still exacts its annual toll from the British consumer 
The latter submits with good humour to the mdirect taxation for private 
use paid out m mining royalties, and only grumbles when theie is an mcrease 
of direct taxation for public amemties, such as education 

The natural father of James Smithson spent his fortune m lavish osten- 
tation, which was a by-word at the Court of George III His son, a fnend of 
Cavendish, was elected to the Royal Soaety as a mmeralogical cheimst three 
years after Pnestley He prospered m material things, retained a healthy and 
proper repugnance toward his father and towards George III, and displayed a 
keen sympathy for the Jacobins and for American democracy Eventually he 
disposed of his fortune in a way which may still be commended to the atten- 
tion of the legitimate branch of his family He socialized his own property by 
givmg It to the Government of “the Umted States of America to found at 
Washmgton an establishment for ‘the mcrease and diffusion of knowledge 
among men * ” It was his hope, as Crowther tells us m his owm words, that his 
name “shall live m the memory of man when the titles of the Northumber- 
lands and Percys are extmet and forgotten In this, it may be that he was 
unduly optimistic The British branch of the family have earned their 
place in the history books for a different reason. They will be remembered 
for their tenaaous resistance to the social exploitation of the nauon^s mineral 
wealth. 

If the voltaic cell were the only source of current, the use of electricity 
would be restricted to the chemical laboratory and to a few mmor amemties 
of everyday life, such as railway tele^phs or electnc bells. A new era of 
dectnaty began with the discovery that current can be generated without 
the destruction of material resources by chemical decomposition rihemirai 
decomposition by the current itself depends on analogous changes in the 
voltaic cell Any che mi ca l change based on the reaction of electrolytes or 
lonizable substances can be used as a source of consent* So ^lifaewise evexyr 
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magnetic effect res jltmg from tiie 3 o^ of tbe electric current in a conductor 
corresponds to some way of c>.^rrert TTlien a current flows througli 

a conduCwO^ a magrctzc f "b set .n *.5 ne^gnbcj^ncod Conversely, 
Tihen Jie inagne^c ac 2- of a crr^^cung circuit 

IS chargmg^ a ci*ne*:. lo"s jo c-*ia Tjlo -s c^a:: c^ec t v^mgnutc 

lVJi*CU07. 
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Fig 35b — I ndcctio*^ of Cur^fnt W kf vo\td ^cposs ^ Magnetic Field 


(Fig 356) The rotation of a loop of wire about a fixed axis between the poles 
of a magnet, as m Fig 357, can therefore be used to maintain a current* 
Which IS the positive and which is the negative end of the wire is difficult 
to remember without the aid of a rule, like the mnemomc of Ampere’s 
swimmer on p 705 Imagme the nght hand restmg on the north pole with 
one finger pointing to the south pole opposite, the thumb pomted outwards 
at nght angles, and the other fingers downwards over the face of the north 
pole The direction of the current (positive to negative) m the further 
half of the coil is given by the thumb, if the direction of rotation is mdicated 
by the second, third, etc , fingers If the rotation is clockwise from the 
south pole to north above the axle as m Fig 357, and if the ends of the wire 
are at the end of the coil nearest the observer, the positive ter m inal is 
next to the north pole In the position drawn, cd is the nearer half of the coil, 
and m this position d is the positive terminal After a half-turn ab is the 
nearer half of the coil, and a is the positive terminal Hence if a and d are 
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connected by flexible wire to a galvanometer the direction of current flowmg 
through It will change at each half turn, and the needle will swmg first one 
way and then the other 

If the axle is rotated repeatedly while the ends a and d are connected to 
the terminals of a galvanometer (or any other de\ice which registers the 
presence of a current) with flex, the latter will become more and more twisted 
at each turn To register the current dehvered by a contmuously rotatmg 
loop of wure as m Fig 357 the two ends a and d must make movable contact 



Fig 357 — ^Principle of the Dynamo 
Commutator and brushes for a c (a) and for umdirectional (5) 


With the conductors leading the current away This can be done by connectmg 
them to metal surfaces mounted on insulating material hke Bakehte, and 
revolving m contact with a smooth spnng or metal brush 

Such an arrangement may be earned out m two ways — (a) and (6) m 
Fig 357 The two ends (a and d) of the loop may be connected to separate 
metal rings so that the same brush or sprmg is always m contact with the 
same end as m (a) If this arrangement is used the current will flow first one 
way, then the other at each complete turn smee a and d are altOTiately 
negative and positive It is then said to be an (dternatmg current On the 
other hand the two ends a and d may be connected to the two halves of a 
spht rmg, as m (i), so that the ends a and d come alternately mto contact with 
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one and the same sprmg or brush If so one brush or sprmg is always negative, 
and the other always positive While the current deli\ered from the brush 
termmals rises ana falls, bemg gieatest vs hen tne loops aie cutting the field 
between the poles at right angles and least when tne\ mo'se parallel to it 
(at nght angles to the position shown m the figure^ it flows m one 
direction only 

The strength of the current can be greatly increased if many^ loops of 
wire revolve simultaneously m the same magneuc field, and if they are woimd 
round a soft iron drum (Fig 35S) which concentrates the field between the 
poles Such a drum carry mg an enoimous number of loops is called an 
“armature,” and a machine m which an armature re*”ohes m a magnetic 
field IS called a magneto or dynamo According to the type of brush contact 



Fig 358 — ^Diagrammatic View of Armature for D C Dynamo or Motor 

VERY MUCH SIMPLIFIED 


a d3mamo gives either an “altematmg” (A C ) or a umdirectional current 
If many loops are used (only four are shown in Fig 358) the brush is practic- 
ally always m contact with lie ends of a loop m which the current is maximal 
So the umdirectional current does not appreciably ebb and flow It is a 
direct current (DC) like that of a battery For heatmg and therefore for 
hghtmg purposes a direct current has no special advantages over an alter- 
natmg one, smee the heatmg effect does not depend on the direction of the 
current. 

As a source of power to dnve an electric motor an altematmg current is 
also equally useful if the motor itself has the right type of contact Smee a 
conductor carrymg a current rotates m a magnetic field (p 710) a dynamo can 
be used as a motor if supphed with current of the appropriate kmd An A C 
dynamo will require AC, and a D C dynamo wall require D C , if used as a 
motor. For chemical purposes a D C current is essential, smee one terminal 
of the electrolytic cell must always be positive and the oiier must always be 
negative. Smee natural magnets of high power are not very rehable and are 
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troublesome a D C d3mamo has a further advantage Some of the current can 
be drawn off to mflim-ain the field magnets If the latter are eiectromagnetSs 
the small residual magnetism is alu»ajs sufficient to excite a cuxient \^hen the 
dynamo begins to work This mcreases the magnetic field whkch rapidly 
assumes its maximum strength The advantages of an A«C dynamo wtU be 
explamcd later * 


SOCL\L SIGMIFIC -VNCF OF IHL D'' XAAiO 

The first dynamos were diiven by neat engmes^ because heal "Aas the chief 
source of power at hand when dynamos were invented Used in this way^ the 
dynamo is a convenient way of distributing power foi lightmg, transport, 
etc Future generations may think that the least important thing aoout the 
dynamo is the fact that it distnbutes power Its gieatest social poteniiahties 
he m the fact that it supersedes the necessity of fuel, and of the human 
labour required to ^tract fuel from the earth Any contmuoos source of 
power like the flow of water can now be used as an agency for distnbutmg 
electrical power over large areas Countries with large natural waterfalls 
like Niagara took the lead m generating electnaty by adaptmg me prmciple 
of the watermill to turn the armature at a relauvely small imtial cost The 
USSR has undertaken gigantic schemes for building dams to make water 
power available, and once the initial cost has been covered the production 
of electnaty mvolves no further application of human labour to supply 
fresh stores of energy The use of wmter power gave place to the urban conges- 
tion of the coal age because water power could not be distributed to places 
where it was most needed* Now that single generatmg stations can dismbute 
1,000,000 horse-power over a radius of 250 miles, it is possible to design the 
distnbution of populations in accordance with a high standard of health 
and adequate space for family life The introduction of coal and petrol as 
sources of power entailed a contmuous output of human work to extract 
fuel Hydro-electnc power places this output on the credit side of the balance- 
sheet of available leisure The working conditions of a coal economy mescap- 
ably entail exposure of the worker to heat and dirt With complete electrifi- 
cation the physical conditions of frictory labour need not be less congenial 
than those of the most up-to-date laboratory The transmission of heat power 
is limited to the dimensions of a system of shafts, belts, and pulleys* Electnaty 
makes power available for domestic use^ and opens the door to an era of 
mventions which can make all arduous unskilled labour an anachromsm 

Although an Englishman, Michael Faraday, and an Amencan, Joseph 
Henry, made the first machines for genoatmg current at about the same 
time, and though Faraday, more than any other single mvestigator, laid the 
foundations of electneal technology, Bntam is now fiir behind the Umted 

** The numerical value assigxied as the voltage of an A C* circuit la not the nemmi m 
E M F between the terminals m either ‘*phase^* of the current;. It is equivalent to 
the value of E deduced from the heat production of the arccut and the known resist- 
ance m It by spplymg the formula E* — R W This is the "eflBeedve” (geometric 
average) E.M F between the terminals. 
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THE INTERNAL CO^iEUSTION ENGINE 

Pernaps toe saccesslul development oi eieca.cai power production owes 
more than anything to the fact tha. A proved tne rrtj^^ revolutionizing 
the use of heat oefore rupeisediug >- Jn the stc'm en-nne fuel is used to 
produce heat, and heat is used to change ^ ^atei m o me go^eit- slate Tne 
second law of thermodynamics ^eLniucls ut mat am j-oces*- whicn ’molves 
the conversion of heat mto work is wasietul So it *-• obiter to cj-i% -it me 
stored cnemical eneigy of organic matter into v^orh iv*tho^i me intervening 
stage of changing a liquia mlo vapour by heat This can be done oy using the 
explosive force of any reaction which entaih change of volume Thus when 
petrel vapour is mixed with air the reaction may be represented thus 

C5H12 4 - 8O2 -> “CO. + 6H.O 

^ .y., — . ,. < *— ly— - ■ ^ 

9 mols 11 mols 

If the pressure and temperature did not change 9 volumes of explosive 
mixture would be replaced by 11 volumes of the products of the explosion 
Independently of this change, and more important, is the fact that heat 
hberated m the reaction produces an enormous expansion of the products 
To use this expansion it is first necessary to mduce combination of the ingre- 
dients of the explosive mixture The discovery of electromagnetic mduction 
made it a simple matter to time a rapid succession of sparks to occur at smtable 
mtervals m conformity with the movement of a piston This was originally 
done with an mduction coil (see p 722), which was then superseded by a 
small dynamo 

* The foUowmg table is given by A H B m the Scientific Worker August 1937 




Installed 

Total Umts 

Mean weight 

Country 

Date 

Capacity 

generated 

of standard 


10® kzo 

10* kto 

fuel kg /kwh 

Gt Britain (1) 

March 31, 

7 80 

18,415 

0 694 

1936 

Dec 31, 

35 80 

98,670 

0 676 

U S A (2) 

1935 

Dec 31, 

6 88 

25,900 

0 644 

USSJl (3) 

1925 




USSJR 

1937 plan 

10 90 

38,000 

0 640 


**The electrification of pre-revolutionary Russia was negligible, about 11 X \0^ kv3 
of tTiiamn<»><< plant, and dunng the years of the Civil War this was subjected to severe 
depreciation so that the electrical industry was in a very bad state at the beginning 
of the peaciod of reconstruenon ” 
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Internal combustion became a practicable source of power as the result 
of experiments m 1862, when de Rochas showed that the igmtion temperature 
of an explosive mixture is greatly lowered by previous compression The way 
m which an internal combustion engine works is briefly as follows The cyhnder 
which contams the piston is eqmpped with sparkmg points^ and with \alves 
to admit the explosive mixture and to let out the products The mam shaft 
works a smaU dynamo C‘magneto'0 and a lotatmg switch C^distributor”)^ so 
that the spark exactly synchronizes with the appropriate position of the piston^ 
and the movements of the latter are geared to the valves which open and dose 
successively in unison with the successive phases of the piston movement 
A hywhed of high mema ensures that the piston flies forwards and backwards 
twice at each explosion^ so that the explosive mixture is compressed at the 
moment when sparkmg takes place The valve lettmg out the products of 
combustion opens at the end of the outward thrust due to explosion and closes 
at the end of the mward movement At the next outward movement the valve 
adrmttmg explosive mixture is sucked m, as the mixture is compressed by the 
return stroke )ust before the end of which the spark is dehvered 

The explosive mixture may be a mixture of air with very fine coal dust^ 
coal gas, or combustible orgamc vapour If the engme is not ru nnmg for long 
periods a highly volatile substance like petrol is preferable, because it evaporates 
readily at low temperatures if sprayed through a fine jet (carburettor), but an 
engme develops sufficient heat after runnmg a htde while to vaponze any 
hqmd compound Paraffin and comparatively heavy oils, as m the Diesel 
type, can be used for stationary engmes or ships The use of alcohol as fiiel 
for the mtemal combustion engme has recently been made the subject of 
successful experiment The production of power, hitherto dependent on local 
resources of coal, petrol, or shale, has now reached a stage when self-stifficiency 
is already m sight A rationally organized society might use the dry distillation 
products of all the weeds and waste paper which are now burned as a substantial 
conservation of its power resources Thus the mtemal combustion engme 
IS not permanently dependent on localized supphes of coal or petrol 


ELECTROMAGNETIC INDUCTION 

The problem of transimttmg electric power, when we have harnessed 
available natural resources for generating it, raises several technical problems, 
which will be more easily grasped when we have looked at other aspects of 
^‘electromagnetic mducuon ” In the dynamo, current is produced when a 
conductor is moved across the field of a magnet. The production of a current 
m this way (Fig 357) is only one of three examples of the general rule that 
current flows m a carcmt when a magnetic field at right angles to it is changmg 
Current also flows m a coil wound round a magnet when a piece of iron is 
moved about m the neighbourhood of the poles This is the prmciple of 
the ongmal telephone m which the transmitter was identic^ with the 
receiver, the latter being essentially like the receiver (Fig. 338) m a modem 
telephone Each vibration of a steel diaphragm lying above the pole of a bar 
magnet will mduce a mmute current in a coil wound round the latter If the 
coil IS in senes with an identical instrument used as a receiver, each variation 
of current will produce a change m the field of the magnet m the latter, so 
that the attractive force on the diaphragm vanes in unison. 

A third apd more important illustration of electromagnetic induction does 



721 


Costing the Current 

not depend on the use of a peimanent magnet Near a conductor cairying a 
current there is a magnetic field at nght angles to the axis of the conductor 
When the current is switched on or off there is therefore a change m the 
magnetic field around it If another conductor uhose ends are connected 
with a galvanometer is placed alongside of as m Fig 3o% the eficct of 
breakmg or makmg the “primary cunent* " is equivalent to movmg the second 
conductor across a magnetic field So the gah anometer needle is deflected 
in opposite directions when the pnmaiy current is svsitched on and off 




Above, current producing magnetic field when the key is closed Below, arrange- 
ment to show induced current m neighbouring circuit when the magnetic field is made 
or broken by closmg the key 


It registers no deflection when the current is steadily flowmg m the primary 
oLTcmt, The secondary current is only produced momentarily at the make 
and break It flows one way at the “make” and one way at the “break ” 
When the current is switched on in the primary orcuit a current flows 
momentarily m a paralld secondary circuit m the reverse direction When the 
primary current is cut off, the current flows m the secondary m the same 
direction as the previous flow of current m the primary circuit If the second- 
ary and primary circuits are straight wires the efifect is greatest when they 
he parallel, and if one is turned so that it is at nght angles to the other no 
secondary current flows So if a wire with two ends connected to a galvano- 
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meter runs the length of a ship, and a cable ojl the sea bottom is transmitting 
an mtermittent current the dcSccuon of d e pon^tv* is greatest \vhtn 
ship IS running exactly over the caolc This Jc^ ice nou repluc^^^g me pdct 
boat to guide ships into pert or dock 

The pncnorncnon of electii iiignetic mducnun cm ce made more au-iimg 
if the primary and second'»i> cmiuts are cods ryound coaxially around a 
soft iron core of uicuLir The legictercd at each krck of 

the galvanometer ss tiion d^penacn*. ca me number of nuns m tne mo 
circuits If the number ot torn , in the .econdar^ coil is very macn greater 
than the number oi rams m the primary a V2i> high voltage is attained -?t 





Fig 360 

Induction coil with condenser m parallel across the spark gap SH m the’^'pnman 
circuit connected to the bittery 


the break Since, however, this means that the length of wire traversed is 
greater, the resistance of the secondary circuit is proportionately mcreased, 
and the secondary current is proportionately dinumshed If the primary circuit 
IS fitted with a vibratmg switch like the spnng of an electnc bell or Morse 
receiver (Fig 319) a rapid and regular succession of “make” and “break” 
m a primary circuit of low E M F. can be made to mduce an alternating 
current of high £ M F. in the secondary aremt This is the pimaple of 
the induction coil devised by Faraday (Fig 360) When first mvent^ the 
mduetton cod was sold to medical practitioners for the supposedly beneficial 
effect of the unpleasant tingling shocks obtamed by holding two metal 
cylinders attach^ to the ends of the secondary cod To-day tbe underl 5 ring 
prmaple is the basis of the “transformer” m high voltage transmission 
The instrument itself is an essential part of X-ray and wireless eqidiHnent. 
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TILlNSVISSiOX OF 1LECT??IG POVC7» 

A simple mHjction coil be cdapied tc z higher or lower voltage 
greati; xea 'Jbc er = EC) transnured If the secondary 
ciiciiit of a Sjjr^ 'e ja£ii!ct*oa coJ. hac a smaller nun bci of titms than the 
primai\ circuit, the mciuced current at e malie or Veal has a cmaller voltage. 
If It h^s a larger iwimoer ol tiims tlae t'Oitcge ai the I'e rrmr. alc of the secondary 
cixcui'^ ^ill oe g-S'^tei than Lhe voltage app^-ed to die pnmaiy circuit The 
current is proport- onaieh increased or oecre^ised by daminisiimg or adding 
the number of tumc If the cai^ ent the pnjfirr\ ctrcuat is itself an 
aiteinatirg cuiient^^he primciy cuiient eho« ana Co^is cf its ovn account 


o' 



Tiansfoimer tormed bv two coils voimd round a solt non co’e The upper coil has 
twice a' manj turns as tl:*e lower To double the E A1 F ('ind halve the current' attach 
the lower coil to the supply 0‘siep up”) To hal\e the E M F (and double the current) 
attach the upper coil to the supply (“step down”) The two coils ire here shown m a 
simplified way to expose the ratio of the windmg In pracuce both would be wound 
all the way round the ring, and mu per cent efiiciency w'ould not be possible unless 
the secondary completely enclosed the primary, so that all the imes of force from the 
latter cut the former 


So there is no need to have a contact breaker Two coils placed side by side 
may therefore be used as a ‘"'transformer” (Fig 361) to “step up” or to ‘‘step 
down The iffictency or ratio of power put in to power got out of a trans- 
former may be as much as 95 per cent 

In dismbutmg electrical power from situations where it is convement to 
produce it, a foremost consideration is to economize m the use of wire At 
an early stage in the history of telegraphy it was discovered that the earth 
can be used as one cable if plates connected to tenmnals are sunk deep m 
It So, if one terminal of a generator and one terminal of any instrument 
using current are both earthed^ it is only necessary to connect one terminal 
of the generator to one termi^ of the instrument The problem is then 

^ The redstaxice of a tcansfoxmer is very small compared with that of the e xtern al 
Ofcoit 
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to keep the thickness of metal m the smgle cable as small as possible If the 
voltage is very high the latter must be held high above ground to prevent 
sparkmg to earth 

Smce electrical power (W) is the product of the voltage and current^ the 
same amount of power can be transmitted by usmg a high voltage and low 
current, or a low voltage and large current Thus the transmission of 10 
kilowatts (10,000 watts) may mean that a current of 10 amps is drawn through 
the circuit by a generator of 1,000 volts, a current of 100 amps by a generator 
of 100 volts, or a current of 2 amps by a generator of 5,000 volts, etc A 
current of 100 amps passed along a thin wire would heat it considerably 
So high current transmission means greater es^penditure on metal for cables 

You can look on the problem of circmt cost m another way Smce W = EC 
and C == E — R, m any circuit 

W == E2 — R 

Hence if the power producaon of a otrcxut is to be fixed at a defimte figure 
by the work the generator has to do 

E^ocR 

If the length of the circuit is fixed by the distance over which the power 
IS to be transmitted, the resistance o^y depends on the sectional area (a) 
bemg inversely proportional to it, hence 

E* oc - 
a 

And smce the cost GO ts proportional to the sectional area, 

JT az — 

» E® 

Thus the cost of cable is mversely proportional to the square of the E.M F , 
e g the cost for transnuttu^ the same power ftom a generator of 100 volts 
IS one hundred tunes as great as the cost of transmittmg it &om a generator 
of 1,000 volts. 

Although the dc dynamo is m many other respects more useful than 
the a c , It has one practical disadvantage A voltage greata than about 500 
IS very difficult to mamtam owing to sparkmg across the sections of the 
commutator (b m Fig 367) The ends of the loops m the armature of an 
a c dynamo are much more readily insulated (as in Fig. 357, a), and voltages 
of 10,000 are comparatively easily maintained For this reason the ac 
djmamo is used as the primaiy source for generating power The voltage 
IS usually raised to a higher level by a step-up transformer and transmitted 
at very high voltage (e g 60,000 volts) to substations where it may be reduced 
by step-down transformers to work an a c motor fi>r driving d c dynamos 
This entails very httle loss of energy by fiaction. Domestic ctrcmts may 
have their own st^-down transformers when supphed with a c Smce one 
terminal of the generator and substation is earthed bare cables all carrying 
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current in the same direction are used for high po'i^er transmission m the 
“grid system’* The caoles are earned on eli-msulated towers well above 
the earth to pre\ent sparkmg to earth No sparkmg can occur between 
separated wires smee they are not carrjmg current m opposite direction 
This reduces the cost of msulatmg mat^nal 

The a c dynamos at Niagara generate from 20,000 to 21,000 volts This is 
transformed at the source up to 50,000 or 100,000 ^ olts for transmission across 
country, e g as far as Montreal The London Transport S 3 Stem is supphed 
by the Chelsea Power Station with about 50,000 kilowatts prodaced by ten 



Fig 362 

Simple diagram to show step down m successive stages from the generating station 

to the house circmt 


Steam turbme-dnven alternators at a voltage of 11,000 This is distnbuted 
to substations, where it is used to dnve motors workmg d c d3mamos which 
supply current for the trains themselves with 600 volts The giant hydro- 
electric works set up by the Soviet Government at the Dmeprostroi dam are 
designed to produce an eventual output of over half a million kilowatts 

THE MEANING OE SELF-INDUCTION 

So far, the phenomena of current and ftictional electricity have been 
kept apart* Heasons for regarding them as essentially identical have been 
given on page 658 There it was suggested that the battery current and the 
fiictional machine spark differ only m one essential feature Battery current 
IS a steady output of energy at low voltage The sparks and shocks of electrical 
machines are momentary discharges at very ^gh voltages The induced 
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currents produced by an a c dynamo or an mducnon coil provided with an 
automatic current breaker are essentially successive currents of very short 
duration involving very high voltages If the view stated is correct we should 
therefoire expect to find that altematmg and mtermittent currents proauced 
by electromagnetic mduction behave la^e the discharge from a fncnonal 
machme Thar this is so is a fact which has results of enormous importance 
in everyday life 

A condenser can be used to mcrease the bnghtness of the sparky the 
mterval between successive sparks and the length of spark oblamcble from 
a fncnonal machme A condenser connected across the contact breakei in 
the primary circuit of an mduction coil (Fig 3G0) has exaedy the same 
effect as a condenser connected with the two knobs of a fnctional machme 
Perhaps no tact bungs out the identity of fncnonal and current electncity 
in a more stnkmg way If there ^ no condenser across the contact breaker 
in the primary circmt there is perpetual sparking each tune the current is 
broken. Smee a spark mvolves the passage of a current, this delays the rate 
at which the current ebbs and hence die rate at which the magnetic field 
vanes Consequendy the voltage mduced at the break is less th a n it would 
be if no spark occurred If there is a condenser of sufficient “capacity” 
across the contact breaker sparkmg is almost entirely prevented when the 
current is broken The E M F which would momentarily break down the 
resistance at the airgap charges the condenser instead 

At the make the condenser discharges across the contact, and so opposes 
the flow of current Hence the current grows more slowly, and dies down 
more abrupdy if the condenser is used The net effect is that the mduced 
current at the make is very minute compared with the mduced current at 
the break So the current produced by an mduction coil with a large 
condenser m the primary circuit is not an altematmg current It is an 
mtermittent current m one direction only. Large mduenon coils made wnth 
a secondary wmdmg of several miles m length dehver enormous voltages 
They can produce sparks several feet long. 

The precedmg remarks imply that a current takes a measurable though 
mmute period of time to grow to full strength This can be proved m vanous 
ways In the laboratory the simplest way is to prove it mdirectly The 
maximum voltage reached m each phase of an altematmg or mtermittent 
current can be detemuned with a voltmeter of very low mertia If the wire 
m the circmt connectmg the generator to the voltmeter is woimd mto a 
coil the maximum voltage is diminished. The mere fact of wmdmg the wnre 
mto a cod does not mcrease its resistance The only alternative explanation 
which experiment suggests is that the setting up of a current m any one 
turn mduces the flow of a current m the opposite direction m neighbourmg 
ones, so that the current does not reach its full strength as qmddy as it 
otherwise would This is supported by the feet that the maximum voltage 
IS further diminished if a soft iron core is inserted inside the coil A piece 
of flex with several parallel strands will exhibit the same phenomenon. It 
will act as a “choke,” steadying the ebb and flow of a rapidly changing 
current as compared with the flow of current ftom the same generator 
through a strai^t piece of wire of the same resistance. Thus the rate at 
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woxch €x current csstL^^e® sirtng r* \^iien contact is made^ or the rate 

at wmch a current faLs to ze^o ^vnen cozjl^ct xs croken* depends on ^^self- 
mdkiction’’ cf cpposiag curier^s *n ute ^‘tme circint 

There *s also another sc^r oi* q.^zu: z^l neraa ♦'sr uartpng Ox the currem 

The mai^xiiiani ^ oltage m e tu^x o tatt OjT e current can be 

depressed fay panms a concer'^e'' n ceraeer the tetirhnals of 

the generator A ver; loxxg ^ire s^ixCundea by an is phjsicallj 

equivalent to a condenie’"*, cf rvt:*ch tlie enter place ' eann xtseif Thus 
a cable can damp a cunect by its C 2 p'<j:ay 'p Gi4; to stcie electrihcaaon 
One reason wny science can n a comn:tmL\ applies 

Its conclusions to the icgiiiation of social conc<^cl -c th?w nn zZx} piot^des 
the oppoituniLy of testing ori a ss^ei ^^caic than iaooratoi} expen- 



Fig 363 — Inertia dle to Self-Induction 
\ Leyden jai is discharged by bringing the knob B connected to the outer coat near the 
knob A of the inner coat If the wire connexion is bent m a loop as snown, a spark 
may occur across G, m spite of the enormous resistance of the air as compared with the 
wire loop The discharge is so rapid that the delay m conducuon due to selt-mductance 
chokes off the current m the loop 


ment permits. Alexander Ure’s comment upon the expansion of metal pipes 
in a cotton null has already shown us how an mdustnal process can provide 
spectacular demonstration of phenomena which can only be detected with 
carefial measurement m the laboratory *‘On this scale, the amoirnt of the 
expansion and contraction needs no micrometer to measure it, for it is 
visible to the eye, and may be determined by a carpenter^s rule ” An analogous 
remark applies to the phenomenon of electrical mertia What is elusive m 
the laboratory and can only be inferred from mdirect evidence assumed 
formidable dmensions when the first long-distance cables were laid down 
The effect was to stimulate a new field of theoretical enquiry, the immense 
practical consequences of which may be gauged from the fact that Thomson 
(afterwards Lord Kelvm) left a fortune of £161,923 ficom his patents The 
story of the cable is well told by Qowther, from whose essay on Kelvm 
(British Saentuts of the Nineteenth Century) the following is extracted 


cable consists of two conductors, a wire and the sea, separated by an 
msulator, Bkccncally, it behaves like a condenser, or Leyden 
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jar, or the system of two conductmg spheres separated by an msulator which 
Faraday mvestigated, and with which he proved that a certam period of tune 
must pass before the insulator absorbs a complete charge of electrical energy 
The phenomenon of retardation of signals, owmg to the piehmmary filhng-up 
of the gutta-percha with electrical energy, first became practically noticeable 
m the Anglo-Dutch cable, which was 110 miles long In his first paper. On 
the Theory of the Electric Telegraph:, Thomson elucidated one of the most 
important properties of long cables, a knowledge of which is essential to success- 
ful operation He showed that if a sharp electrical impulse is given to one end 
of a long cable, only a small part of its energy reaches the other end almost 
mstantaneously The impulse gradually spreads out mto a wave whose begin- 
ning reaches the other end very qmckly, but whose crest arrives only after a 
leisurely and almost imperceptible rismg, and then fades away The observer 
at the receiving end sees onl> a gentle rise and fall, without the definition 
necessary for signalhng Thomson showed that the magmtude of this 
phenomenon depended on the combmed value of the electrical capacity and 
resistance of the cable As each ol these was directly proportional to the length, 
the effect increased as the square ot the length of a cable If the retardation m a 
cable one hundred imles long were one-tenth of a second, then that m two 
thousand miles of the same sort of cable would be four hundred times as 
great, or forty seconds Any system of signalhng that depended on the observa- 
tion of the crest of a wave could at the best send only one sign m forty seconds As 
a smgle letter had to be represented by perhaps two or three signs, the delay 
destroyed the practical value of the cable The proprietors could not earn 
profits if the transmission of one telegram was to occupy the cable for the whole 
of one day Evidently the retardation could be reduced by reducmg the resist- 
ance and the capacity, by mcreasmg the thickness and punty of the copper 
wire, and mcreasmg the thidkness of the gutta-percha msulatmg material 
In 1856 the promoters of the Atlantic cable enterprise decided they were ready 
to start construction J Brett, Charles Bright, Cyrus Field, and O E W 
Whitehouse formed a company with a capital of £360,000 The directors were 
elected by the vote of shareholders, and were to receive no remuneration until 
the shareholders had been paid a dividend of 10 per cent The Scottish share- 
holders nominated Thomson as a director The successful completion of 
the cable was celebrated with enthusiasm throughout Britain and America 
Immense pubhc expectation had been aroused by the achievement But the 
expectation was rapidly disappomted the Queen's cablegram of nmety-nme 
words had required sixteen and a half hours for transmission from Ireland to 
America Whitehouse was suspended, and Thomson was put m charge ” 

The large scale of this enterprise stimulated the growrth of electneal theory 
in two ways One is described by Crowther in the followmg remarks 

“He brought his students mto a general mvestigation of specimens of commer- 
cial copper, and foimd that their conductivity varied enormously, and that 
a small percentage of impurity could reduce conductivity by 30 or 40 per 
cent The cable was being manufactured m twelve "hundred pieces, each two 
miles long, and the conductivity of the copper cores of the pieces varied enor- 
mously Thomson's mvestigation of cable copper had several very important 
consequences It led to the foundation of the first mduatnal laboratory for 
testing materials, and to the study of methods and units of measurement, 
^(hen Thomson by determmed opposition managed to have a clause specxfyms 
he conductivity of copper put mto future cable contracts, the contractors at 
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first saia its fulfilment ^as impossible Thomson’^ vork haJ ^leat mfluence 
on the standardisation of en^meerjog n-.at:;r ale and cn piact'cal measorementi 
and thus became an important pie^ximnai; to the mdastr.al metnod of mass- 
production, which can be applied onip to uaifoim ra i * 

Ciowther also lefeis to the cultuial unpaci ^^-Cgrapnic development m 
the ensuing passages 

^‘Tne estabhsnment of the Cavendish Labera^o-'y at Coji^br-age m 1^7 1 
was m part sumulated by Thomson’s achjic\ ements a Gia^jc^ Until the 
middle of the mreteenth centurs?- university science .wTching in lintam nad 
not oeen orientated m directions of mterest to the ind^-tr. r nc gamed 
the leadership of British society Eefoie that date univeioxry t whence "“cachmg 
had been inspired by the mcrcanuLsts of an eariie* pei*oc >f Br social 
development Under their influence astronomy was the brcnch o- physical 
science with the highest prestige, because safe nav^ejanon was dependent on 
a knowledge of astronomy, and successful sea-tiadmg was dependent on safe 
navigauon The prestige of physics m British umversities did not surpass the 
prestige of astronomy until the importance of mdustnalism surpassed the 
importance of mercantilism The manufacture of machmerv, of steam engmes, 
and later of electrical machines made an exact knowledge of the properties of 
matter necessary to social progress Thomson was fond of the term properties 
of matter ’ His mterest reflected, m a degree, the mterests of the mdustnahst’s 
speaahst, the engmeers He was the chief mstrument by which the scientific 
studies of the British universities were reformed to meet the needs of a new 
govemmg class • In the early part of the mneteenth century a vast number 
of new and strange natural phenomena had been observed, and began to require 
mathematical description The new and at first ill-defined and often apparently 
mdependent facts required very concrete methods of treatment Their raw, 
uncouth nature tended to wrreck the symmetry of general equations They 
could be seized best by short, uniformly clear descriptions of each isolated 
phenomenon Thomson’s style of short terse papers was smted to their treat- 
ment Thomson and his finend Tait, who had been appomted professor of 
natural philosophy at Edmburgh, decided to write a Treatise on Natural 
Philosophy^ which would expoxmd the mathematical physics suitable to the 
contemporary demand They expounded the science of mechanics, uncon- 
sciously, from the standpomt of an ideal engmeer who was a master of mathe- 
matical physics Aiaxwell wrote *The credit of breakmg up the monopoly 
of the great masters of the spell, and makmg all their charms familiar m our 
ears as household words, belongs m great measure to Thomson and Tait ’ 
Thomson and Tait accomphshed, on behalf of the educated leaders of the 
mdustnal bourgeoisie, the conquest and assimilation of the mathematico- 
physical culture of the mercantilist class The influence of the result of this 
class-struggle m one of the most elevated regions of human endeavour spread 
down mto the teaching of elementary mathematics Thomson’s pupils, Ayrton 
and Perry, led the movement for the teachmg of ‘practical mathematics ’ 
They explamed that the new class of techmcian, brought mto existence by 
machine mdustry, wanted a knowledge of mathematics which would be of 
practical use to him m his job They contended that these men should be 
taught the sort of mathematics which they would And useful Mathematics 
was taught at the grammar schools and umversities as if it were to be the 
cultural accomplwhment of certain members of a leisured class, and not a 
technical <K|uipmmt which would enable its possessors to earn a livmg Ayrton 
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and Perry desired^ more or less consciously, to conquer elementarj n'cthemancs 
for the large class of the skilled \\ or^unen and tec.^nicia::^s Sd'7^iii-s P T 
the biographer of Thomson, ^\as a leader m tne same rrovcment^ and Tv"rote 
the famous book. Calculus Made Ea^y, i^lixch vias an attempt to wiett tiie 
exclusive knowledge of the calculus troin the ciasses educatea in g^airuTur 
schools and umver sines, and pUce at me service me class o- binLevi 
workmen and techmcians ” 


EXAMPLES ON CHAPTER XIV 

1 A cell ot E M F 2 volts and mtemal resistance 0 5 ohm sends a current 
through a wire of 11 5 ohms Fmd the current 

2, The terminals of a battery of E M F d volts and internal lesistancc I 
ohms are connected through a wire ot 9 ohms resistance Fmd the potential 
difference between the terminals 

3 The E M F of a battery is 12 volts on an open and 10 on a closed circuit 
with a current of 6 amperes flowmg Fmd the mtemal resistance of the cell 

4 Two cells, each of mtemal resistance 3 ohms and 1*1 volt E M F are 
connected (a) m senes, (b) m parallel with a resistance of 9 5 ohms Fmd the 
current strength m each case 

6 Ten cells, each of mtemal resistance 3 ohms and E M F 2 volts, are 
connected (a) m one senes, (fi) m two parallel senes ot 5 ceils through a resistance 
of 20 ohms Fmd the strength of the current m each case 

6 A battery m open circmt gives with the electrometer a potential difference 
of 4 volts between the terminals When >omed with a resistance of 10 ohms 
the E M F IS 3 6 Fmd the mtemal resistance ot the cell and the current 

7 Twelve cells of E M F 1 1 volt and mtemal resistance 3 ohms m senes 
are connected through a resistance of 240 ohms What will be the effect on 
the current, if we reverse the poles of three cells? 

8 Six cells are connected m senes with a coil and galvanometer The mtemal 
resistance of the battery is 10 ohms, of the coil is 50 ohms, and of the galvano- 
meter IS 20 ohms If there is a difference of potential at the galvanometer 
terminals of 2 volts, what is the E M F of each cell? 

9 If a pair of torch lamp bulbs are marked 2 5 volts, 0 3 amp , and 3 6 
volts, 0 5 amp respectively, what are their mtemal resistances? 

10 How many Grove cells of 1 8 volts and mtemal resistance 0 07 ohm 
each are required to send a current of 10 amps through a filament of 2 ohms 
when connected m senes? 

II. Calculate the length of a coil of resistance wire of uniform calibre if 
the total resistance is 53 ohms, and a piece 1 2 metres long has a resistance 
of 0 6 ohm 

12 If the specific resistance of platinum is 0 000011, and of copper 
0 00000183, what is the resistance of a cylmdneal piece of 

(a) platmum wire 0 6 mm diameter, 328 cm long, 

(5) copper wire 0 42 mm diameter, 1,000 cm long 

13 If the resistance of a man’s body is found to be 7,500 ohms when the 
fingers of the two hands grasp opposite terminals, what current wiH flow 
through him when he grasps both poles of a battery of 30 Darnell cells m senes, 
each of E.M F 1 1 volts and mtemal resistance 0 3 ohm? 

14 The positive pole of a battery A is connected to earth through two 
resistances AB, 5 ohms, and BC, 10 ohms The potential difference between 
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the earth and posjit-\e 2 iS ^olt3 what current fows through the 

resistances t^hen tae negative poxe xs aiso earihea, and what is the EM F 
Detween B snd C? 

15 If a Wire coulc he stretcncc. ml its lengm nas aouDied^ what would be 
the ratio of its resistance oefore ana after stretc*i*rg^ 

16 If three 2-voA accumulators of Jtreina] re<:istance 0 1 ohm are con- 
nected m sexies with a snver \oitameter of negligible lesistance through a 
resib wince of G ohms^ find the Cixientj ^b) tne ainoanl ot silver deposited 
on the katlioae m half an houi^ (c) tie E Ai F between the teimmals of each 
accmnulatoi while the ronenl is flowing 

17 Fv^ o 1 i volt ccLs of internal resistance 2 ohms cacJa are arranged (^ 2 ) in 
paraile*, m seizes w«th a wue ot i olim resistance Calculate the current m 
the latter m eacn case 

IS Durmg use the voitage lahc ana the internal j^esiStance of a fiela tele- 
phone battery rises If a new ceil has an E M F of 1 5 volts and miemal 
resistance 0 3 ohm^ and an old one has an E Jvi F of 1 2 volts^ find (u) what 
current a new one can dnve torougn a 5 ohm resistance^ (b) tne internal resist- 
ance of the old one m seiies with a 5 ohm resistance if the ammeter reads 0 1 
amp. 

19 If the resistance of a lUO metre coil of copper wire of diameter 0 559 mm 
IS 6 63 ohms at 0° C , calculate the specific resistance of copper 

20 If four 1 5 volt dry cells of mtemal resistance 0 5 ohm each are m 
senes with a torch bulb of resistance 4 ohms> what is the current flowmg 
through the bulb and the B.M F at the terminals? 

21 The resistance of the coil of a galvanometer is lOS ohms If the terminals 
are connected by a 12 ohm wire, what fraction of the whole current will traverse 
the coil when the terminals are mcluded m a circuit? 

22 If the positive terminal A of a Grove cell of 1 8 volts and 0 2 ohm 
mtemal resistance is jomed by a wire of 0 3 ohm resistance to the positive 
terminal B of a Dam^ cell of 1 1 volts and mtemal resistance of 0 4 ohm, 
and their negative terminals (C and D) are jomed by a wire of 0 5 ohm 
resistance, how many volts would a voltmeter record, if its termmals were 
connected half-way along AB and half-way along CD respectively? 

23 If a carbon filament lamp takes 0 22 amp from a 250 volt house circtut, 
what IS the resistance of the hot filament? 

24 A telegraph hne and its mstruments have a net resistance of 2,000 ohms, 
and require a workmg current of 0 025 amp (25 milliamps ) If worked by 
a battery of cells, each of 1 07 volts and mtemal resistance 8 ohms, how many 
cells will be necessary? 

26 Three cells of voltage 1 2, 1 5, and 1 0, with mtemal resistances 1, 
0 5, and 1 75 ohms respectively, are connected 

(a) m senes with two parallel ^itemal resistances of 6 and 26 ohms 
(jb) m senes with the same pair of external resistances also arranged 
m senes 

Fmd the current m each resistance m each case 

26. Three cdls A, 1 07 volts 4 ohms mtemal resistance, B, 1 6 volts 0 4 
ohm mtemal resistance, and G, 2 0 volts 0 3 ohm mtemal resistance are 
connected m senes with a wire of 83 ohms resistance The connexions of C 
are then reversed Fmd the current m the circmt m each case 

27. If in the preceding example A and B are connected m parallel to form 
a battery ooxmected, m senes with C, to the same wire, find the current m the 
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latter^ and also find what it would be if A and B were alone connected 
parallel with an external resistance of 50 ohms 

28 An overhead cylindrical telephone \vire of bronze has a specific lesistance 
of 3 37 microhms Tf the diameter of the wire is 0 122 cm ^ what is the resis Lance 
m one mile of the wire? A microhm is 10—® ohm 

20 Usmg the Wheatstone bridge, an unknown resistance is measured 
agamst a 5-ohm resistance coil Find the unknown resistance if there is no 
galvanometer defiecaon when contact is made at 28 9 cm along the metre wore 

30 A current from a battery is allowed to pass for 50 minutes through a 
variable resistance (as m Fig 340), an ammeter and a voltameter, which has 
copper electrodes m a solution of copper sulphate The current was kept 
constant by the vaiiable resistance The reading of the ammeter was 1 44 amps 
and 1 482 grams of copper were deposited on the kathode Fmd the current 
m the circuit if the electrochemical equivalent of copper is 0 0003294 gm per 
sec per amp , and calculate the error m the reading of the ammeter 

31 In measurmg the E M F of a cell of mtemal resistance about 1 ohm, 
a voltmeter which has a resistance of 2,000 ohms is used If the current through 
the voltmeter is neglected, find the percentage error mvolved 

32 The resistance of a galvanometer coil is one-third of an ohm The current 
registered by it when connected with a cell is halved if a wire of 0 1 ohm 
resistance is placed across its terminals Fmd the mtemal resistance of the cell 

33 Usmg the Wheatstone bridge an unknown resistance is measured 
agamst 

(a) a 5 ohm resistance so that balance is obtamed when contact is 
made at 39 7 cm 

(5) a 10 ohm resistance so that balance is obtamed when contact is 
made at 24 7 cm 

Determme the value of the unknown resistance 

34 If the specific resistance, of copper is 1 77 microhms at 0° C , what is 
the resistance m a mile of copper wire of diameter 0 326 cm ? Calculate what 
the resistance will be when the temperature is 77° F (Temperature coefiScient 
of resistance of copper -=0 00428 per degree Centigrade ) 

35 If the resistance of a galvanometer coil is 20 ohms, what resistance 
must be shunted between its terminals to reduce the current absorbed by it 
to 1 per cent of the total current m the circuit? Fmd also how the current m 
the rest of the circmt is affected if its resistance is 20 ohms (excludmg the 
shimt), and what further resistance must be put m the mam circmt to keep 
the current unaltered 

36 When a fiasbhght battery is run for 20 mmutes through a wire of resist- 
ance 8 85 ohms, the current is found to &11 from 0 42 amp to 0 27 amp , 
and the E M F as measured on a voltmeter is found to faU from 4 36 volts 
to 3 0 volts What are the initial and final values for the mtemal resistance of 
the cell? 

37 Across the terminals of a galvanometer of 260 ohm resistance a wire 
of 25 ohms resistance is inserted A cell of 1 6 volts and no appreciable mtemal 
resistance is put m senes with it through a 1,000 ohm resistance If the deflec- 
tion IS 200 scale divisions, find how many amps correspond to one scale division 

38 Fmd the length of time it takes for a current of half an ampere to deposit 
1 gram of silver from a silver mtrate solution 

39 The tangent galvanometer is used for measuring electnc currents by 
means of the magnetic effects of the cuixent m a coil of wire on a compass 
needle placed at the centre of the coil. 
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A constant current passed through tne coil of a tangent galvanometer causes 
i deflection of 33®^ ana hen the same current is passed for half an noor through 
i copper voltameter containing copper sulphate 1 llJ grair^ of copper are 
ieposited Find the xea&^ction factor of the gat\ anometei x e the nmnbei bv 
vhich the tangent of tne deflecnon must oe mwit'p]*ed to brmg tne cunent to 
imperes 

40 A battery is connectea m senes w^tn a resistance an.: an ammeter 
^Then tne resistances of 100 ^ 20 O 3 *> 00 , and •iOO onms are unplugged m the 
Dox, the aimneter gives readings of 99 O, 65 0^ 4^ 3^ and 6 diMs^ons 
especnvel 3 Determine approximately what otner le^^stance there is m the 
ircuit 

41 If an ammeter^ which reads milli-amps , has a lange of 0 to 13 mih-amps 
md a resistance of 5 ohms, find the senes resistance ^ec^ieJ so mat it can 
3 e used as a voltmeter with a range of (a) 0 to 73 ci-s, kc; 0 to -30 \olts 

42 Calculate the cost per hour, if the Board of T raae imst coSi .3 Cd , to 
llummate a room 

(a) by four 16-candle-power carbon lamps lequirmg 3^ watts pet 
candle, 

C&) by two 40-watt metal filament lamps, each givmg about 32 candles, 
(c) by one eo-wratt gas-filled lamp of about li »0 canole'* 

43 A brass vessel of specific heat 0 09 weighs 60? grams, and contams 
60 grams of water at 20 ® C A current of 4 amps is passed through with a coil 
Df 3 ohms resistance immersed m the water Use the value for the electiical 
equivalent of heat given on page 695 to find the temperature at the end of 
Sve minutes 

44 If 55 grams of water at 16® C are heated m the same vessel with a heating 
umt of 2 5 ohm resistance connected to a 1 23 volt cell of negligible resistance, 
what will be the temperature after ten minutes^ 

45 How long would it take to boil 1 litre of water at 15® C with a heating 
umt of 25 ohms and an E M F of 200 volts if the mitial temperature was 15® C ^ 

46 What IS the current passing through the filament of an electric lamp 
marked 40 W 230 V , and what is the cost to use this lamp for an hour if the 
price of the Board of Trade umt is OJd ^ 

47 What IS the resistance of a 40 W 250 V lamp^ 

48 A lamp of resistance 4 ohms is lit by fotir Leclanch^ cells connected 
in senes Each cell has an E M F of 1 6 volts and mtemal resistance of 0 6 ohm 
Fmd id) the current through the lamp, (&) the potential difference at its ter- 
minals, (c) how many watts the lamp requires (1 watt = 1 volt x 1 ampere ) 

49 From the above example, find what will be the cost of the zinc dissolved 
m the four Leclanche cells if the lamp is run for one hour, and if the cost of 
battery 2 ancs is about two shillings per poimd (1 lb = 463 6 grams Electro- 
chcrmcal equivalent of zmc =« 0 000343 ) 

60 If a tungsten-filament vacuum lamp of 62 candle-power takes a current 
of 0 27 ampere when the voltage is 232 8 volts, find (a) the resistance of the 
hot filament, ib) how many watts the lamp consumes, ic) its efficiency m candle- 
power per watt, and id) how much it costs to use the lamp for one hour if 
the charge is 6 d per umt 

61 The temperature of a platmum *wire keeps 1® above that of the sui> 
rounding objects when a current of one-tenth of an ampere is passed through 
It What will be the temperature of the wire when a current of one-fifth of 
an ampere is passed through it, if you assume that the difference m temperature 
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IS proportioxial to the loss of heat^ and disregard the variation of the resistance 
of the wire with temperature 

62 If the gnd of mchrome wire m an electric toaster takes a cmrent of 2 2S 
amperes when the voltage between its terminals is 245 vol*s» find (jz) the resist- 
ance of the hot wire, (b) how many watts it consumes:^ and (c) how oucn it 
costs to use the toaster for ten minutes^ if the chaige ic 6d per unit 

63 Calculate the temperature-coefiacient of mchrome from the previous 
example if the resistance of the grid at 15® C is 96 9 ohms^ and assuming that 
the hot wire is at 400® C 

64 If the terminals of a battery, ot E M F 16 volts and mtemal resistance 
5 ohms, are connected by a wire the difference of potential between the ends 
of the wire is 12 volts when the arcmt is closed How many calories are bemg 
produced m the VTire per mmute> 

65 If a gas-filled lamp of 200 candle-power takes a current of 0 13 ampere 
when the voltage is 230 9 volts, find (a) the resistance of the hot filament, 
(b) how many watts the lamp consumes, (c) its efficiency m candle-power per 
watt, and (d) how much it costs to use the lamp for one hour it the cnarge is 
6d perumt 

66 How many watts are expended when a Leclanche cell works at i 40 
volts and produces a current of 1 ampere^ If one H P = 33,000 ft lb per 
minute, 1 foot = 30 48 cm , and 1 lb = 463 C gm , calculate the number 
of H P to which this is eqmvalent 

67 When a motor-dynamo broke down, current from the 230 volt mams 
had to be taken to charge a battery of 11 accumulators If the E M F of each 
cell was 2 volts, with neghgible internal resistance and the leads could only 
carry a current up to 8 amperes, (d) how much resistance must be mserted 
m senes with the cells, (b) how many watts are consumed, (c) how many of 
these watts are put mto the cells, and (d) where does the remamder of the power 
from the mams go to? 

68 A power station sends power to a place at some distance from it by 
means of two hnes, transmitting one current at 260 volts and the other at 
10,000 volts Calculate what the ratio of the areas of cross-section of the two 
lines must be so that there is the same loss of heat m both 


THINGS TO I^MORIZE 


E 

1 Ohm’s Law C ~ — 

E 

s I 

2 Resistance, R =- — , where s is the specific resistance, / the length, and 
a the cross-sectional area 


3 Resistances m parallel Total resistance given by • 



2 ^ 

^8 


4 Theoretical unit of current ~ current which, whefi it flows m an arc 
1 cm long of a circle I cm radius, acts on umt magnetic pole placed at the 
centre with a force of 1 dyne, 

1 ampere — 0 1 theoretical unit =» current which liberates per second 
0 001118 gm of silver from a neutral solution of silver mtrate 
6, Theoretical umt of E M F, Umt BM. F exists between two pomts in 
a wire when work equal to 1 erg is done on umt charge m moving it from the 
one pomt to the other. 
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1 \3it == tueoj.et 2 Cw‘ ^ o* vVestc'i standard c^ll at 20® C is 

01 So \oits 

C Tneo.efcicc! i.eisist-*iice ri cona-ctcr lox^t resistance when 

amt E Ai F p»‘ocucec amt -j 

1 ohm = tnecrcaca! ~ »ess s-rnce ^ .n rmcn an E AI F, 

of 1 n^oct-ces a of I ar»ipei.r = *w3 st<?^ ce ol a rmfoim column 

of mercury^ ICu 30 J cm long cmc c* me c i- at *o C 

7 Elecaricai pcwei, Jiros'^ = C“Il =• EC = — 

1 watt = mte ci or - oiae per secenn = -^cre^ p-.ocu.Cia c> a 

current of 1 amoe^e at or E vi F - \o^l 



CHAPTER XV 


THE WAVES THAT RULE BRITANNIA 

Our last chapter ended with the crowTimg achie^emejits of povpcr production 
in the latter half of the nineteenth centurj, and the new means of communi- 
cauon w'hich resulted from the discovery of a new source of power This 
one will deal with a discovery w'hich became part of everyday life in the 
opening years of the century in which we are hving It is sometimes, maeed 
often, said that the discovery of wireless telegraphy was the direct result 
of a mathematical theorv put forward by James Qerk Maxwell Suen is the 
story as it is told, and not a few have adorned it with moral Aliss Turner 
concludes the chapter on Alaxw ell’s work in her useful book. Makers oj 
Saence—ncctnctty and Magnetism, with the followmg comment on 

the unfortunate conclusion that <-echmcal mventions and piacUcal apphcations 
are the sole justification for the labours of the man of science The search 
tor knowledge is its own rew ard If it leads to apphcations of benefit to mankind 
well and good II not, it is sail worth while The evolution of Wireless Tele- 
graphy affords an example of one who laboured for knowledge alone, one who 
was a supreme theoiist, a visionary, and a dreamer 

Such sentiments, which abound m saentific text-books, perpetuate a 
mistaken antithesis between mdividual preferences and the social circum- 
stances which determine how they are exercised, encouraged, or apphed 
To be a good saentific mvestigator, a man (or woman) must be mtensely 
mterested m his job That is what makes it worth while from his own pomt 
of view What makes it worth while from tibe standpomt of other people is 
whether it endows human life with new powers and mventions, or affords 
fresh scope for ostentation Whether the mdividual mvestigator succeeds 
m ge tting opportuiuties to do the thing s which are worth while to Jam depends 
on whether he can get soaety or other mdividuals to beheve that what he 
intends to do is worth while to them To get the fiiUest advantage of the 
benefits which saence can provide, the atizen must see that those who 
enjoy making saentific discovenes are encouraged to do so To get the 
fullest opportumties for domg the kmd of work which is worth while to 
the ms elves scientific workers must partiapate m their responsibihties as 
atizens. Among other things this mdudes refraining from the arrogant 
pretence that heir own preferences are a suffiaent justification for the 
support which they need 

This pretence, put forward as the plea that saence should be encouraged 
for its own sake, is a survival of Platonism and of the City-State tradition 
of slave ownership It cames with it the nemesis of its ongm Science thnves 
by Its apphcations. To justify it as an end m itsdf is a pohey of defeat. The 
fiiUest use of saence cannot be made by a soaety m which the pursuit of 
discovery is the toy of a privileged dass, or by a soaety which restnets the 
benefits of its apphcation to a relativdy small group of individuals Saence 
advances most rapidly when its benefits are keenly recognized because 
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Widely snaied, especially wiieo^ nsvi prospeiit> to a previously 

unprivileged class It v ai..a*n -tc h guezt dignit^ m a cbssless society 
which demanas ihe means of an ao^ ancm^ sr-u.aard of leisure and weil-bemg 
for all meirheis In a c2w-ss^^:d socic^ os.entauo^s emphasis on the 
pursuit of u^seie^^s ’ Ji no ionee- oe tne Vi-^k or prospeiit^ or 

good breeamg Disc^ssm^ ^vneJaer . ^eess are ^ortav. ife for then 

own saite 'vJ! ce Iile msci^ssiog ^ nether cre"*in^ gmn is ro/*iu\hiie for 
its own sake 

The enrcai<.gCAiient vnicn tic sc^eiitifc ^ j^lz r ge*s from d -2 society 
in which he lives includes fai mere tran LtS bteh cel, ^e e^.^,u-.pctcn!: wiucn 
he can secure cud the moaicun of respect s,s.ams tne cherts of 

reasonably modest people so*' ^iV facirg z.v practicr^ Lasc"* ol industry, 
agncultuiej disease, oi protection, forces ner on the attention 

of mdividuaJs who ajie capable of sohing them So vas Axaxw^ell 

It was his good fortune to hve in a ame v«ne-i new j^racncai tasks made 
unusual demands on such gifts as he possessed, created special opportunities 
for iheir exercise, and was Lvish m recognizmg their ments Ke graduated 
about the time when the English Channel cable v aS laid The severely acade- 
mic atmosphere of the university m which he studied was nutigaied bv a tour 
of British factories undertaken at his father's request The chair w^hich he 
subsequently occupied was created m response to the popular demand for 
modernizing the teachmg of science at the older Enghsh umversities m 
accordance with the aspirations of the manufacturmg classes It was estab- 
hshed durmg the decade when the struggle to remove them from ecclesiastical 
control reached its climax m the repeal of the religious tests (see p 921, 
Chapter XIX) 

Indeed, it would be difficult to select the career of a saentific man whose 
choice of problem, pubhc esteem, and social opportunities were more closely 
related to contemporary social circumstances His mam achievement is a 
symbol of the cultural compromise achieved by the creation of the new 
physical laboratory over whi^ he presided In Maxwell’s treatise the New- 
toman mathematics of the older umversities was linked to the experimental 
measurements made by Faraday and Henry m extramural foundations, such 
as the Royal and Smithsoman Institutions As with the form, so it was with 
the substance From the begummgs of practical telegraphy the possibility 
of propagatmg electrical phenomena through space without the aid of 
conducting material m the ordinary sense continually prompted speculation 
and experiment In the adventurous hopefulness of nineteenth-century 
mdustruilism, telegraphy without wir^ was the philosopher’s stone and the 
elixir of youth. Thus far, telegraphic communication was the most spectacular 
achievement of science As such it received its full share of recogmtion m 
the Great Exhibition which comaded with the Contmental Cable venture 
Two years later — in 1853 — ^Denng, an mventor whose electncai appliances 
received an honourable place among the exhibits, referred to **the craving 
there is at present for wireless td^raphs ” This was the year m which 
Maxwell became second wrangler 

The craving is not difficult to explam As the distance traversed by elec- 
tncal communications mcreased, the total cost became more and more a 

2a 
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mere question of outlay on cables A discover^ ;«rhich had recenil^y lesj^iied 
m a 50 per cent economy lUu^ traces the doss a ^%ociiiioa uieoisf cal 

science and the social demand for a cbeanei method of traitsimsc kjn The 
famous mathematiaan Gauss \ * reSi>onsib!c for a pmject to u >e die double 
track of Uie railroad as a cable cabsnf-tw Eiioi.s mads Ste rJi-ii adopt 
it on the Nuremburg-Fuith Lae \.erc fxUitle.s to faol-/ nsul-^tion 

He discovered that tins vus to conducuoc throagh me earth smkmg 



r 



Fig 361 — ^Elfctromagnexic Induction in a Vacuum 

In this arrangement the primary circmt runs parallel to the secondary circuit* and is 
mclosed m a tube exhausted by an air pump 'When the key of the piiimry circmt is 
pressed or released the current is made or broken A click heard m the telephone 
receiver conne^ed to the secondary circmt registers the mductive effect, which is 
thus propagated through empt> space Telephone wires placed on opposite banks of 
a nver ha'^ been used to transmit wireless messages m this way across very short 
distances For Morse code signalling it is necessary to have a biL<!7er, based on the 
s^e principle as the electric bell, m the primary circuit The telephone then registers 
a long or short succession of clicks corresponding to long or short pressure on the key 


plates deep m the ground Stemhed produced the “earth curcuit” (Fig 321) 
which made it possible to use one cable to do the work for which two had 
necessary This was in 1838 Thereafter single-line transmission was um- 
versally adopted 

Meanwhile Faraday’s discoveries about dectiomagnetic induction had 
given some substance to the hope that all cost mvolved m laying down 
cables could be cut out An illustration shown m Fig 364 will mglw this 
dear An altematmg or mtenmttent current generated m an itidiTchon coil 
produces a buaaang sound m a telephone placed m senes with the secondary 

circmt This bu2z, now used to detect curroit m a WheattBltMe hndge eaxanti 
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can also be used as a signal in a crade form of wireless commumcation over 
short distanceo Tc pzoc ^ ce an a or inte*-mir‘ent current by induc- 

tions 3ecG^d*:^3 c. need n3t oinrrcjnd the primary It may be placed 
paraJel to oiGt mce cy sacn aa crranpement the pnmar\ circuit 

wiUi Its ke^ an" mto otcr can^titates " end the secondary 

circuit ^phene ccn>iitutcr a x'*>a cipnjis ^ luch are 

commanicateu conne'^aoii An.errpt;> to devise a practic- 

able system on this basis ^^eie mrie fney tvere doomed to JoJure from the 
start, because tne snengih of the mc^ced emrent falls ot rupidl\ as the 
Gostance is mcreased Ticinsin^ss’on ove^ c ^stances greater n.an a fe\v feet 
therefore cemands enormous coils and uemendously powerful sources of 
current, or altemati^ eh, u ioj. more sei si ^ . c detector for inauced c irrents 
The scientific dj.cco\ e^-tes wiucr’ bicught wireless tr^nsrot G^on out of 
the classroom into tne doma*^ of eter^'^day life belcn;^ to thiee classes One 
induces certain phenomena ”vljch \»ei£ encountered m conneaon with 
attempts to demonsuate the coiiinion cnaracienstics of fiicuonal and current 
electnaty To this c^ass belongs the o-allatory cischaige A second includes 
devices mvented to meet the lequirements of pirctical telegrt^ph} of the 
earlier type To this class belongs the lightning protector wmch was the 
parent of the coherer To the third belong discoveries prompted b> theoietical 
mterest m the common chtiractenstics of electromagnetic mduenon and 
hght Some of these discoveiies resulted from the pursuit of quahtative 
analogies before Alaxwell^s tune His systematic treatment of the whole 
subject m its quantitative imphcations undoubtedly mcreased the confidence 
with which experimental ph 3 rsicists and techmaans explored the application 
of the wave metaphor to wireless transmission It is also true that the \mdi- 
catzon of Faraday^s views by the quantitative tests drawn fix>m Maxwell’s 
formulae would not have been possible unless subsequent empincal dis- 
coveries had been made Purely empmeal discoveries which cannot be deduced 
from Maxwell’s teaching furmshed the means of testmg its credentials, and 
purely empirical discovenes which were made m connexion with practical 
telegraphy made it possible to supersede the latter 


THE OSCILLATORY DISCHARGE 

In tracmg the story of how the craving for wnreless telegraphy was at 
length satisfied, the discovenes which contributed most to success will be 
dealt with under the three headmgs already outlmed 

The first battenes were regarded as electrical machines capable of main- 
taining a fixed but small potential, because they were able to reproduce what 
were then regarded as two of the three most diaractenstic properties of the 
latter* They could make sparks and shocks The chetiuc^ and magnetic 
properties of wires connect^ with a battery raised a new problem In 1821 
when Amp&re and Oersted first discovered the magnetic field of the electnc 
current, Davy set out to test the possibility of produemg a magnetic field 
by the current which flows m a coil of wire connectmg the coats of a dis- 
charging Leyden jar Smoe a condoiser discharge is of very short duration, 
he could not detect the temporary magnetism of a soft iron bar placed in his 
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coil He then used steel needles Though less readily magnetized, steel 
needles retain their magnetism after the current ceases to flow By repeatedly 
charging Leyden jars from a fhctional machine (see Fig 314), Davy \^as 
able to obtain a detectable magnetic after-effect in the needles. 

Subsequent repetition of this discotcry bv se\erai other mvestigators, 
notably Henry (1842), led to the recognition of an unforeseen anomaly 
E\en when the some terminal of the Leaden jar (Fag 365) was always 
connected to the same termmal of the machme the result was not exacdv 
the same Sometimes it w ould happen that the end of the steel needle nearest 
the positive terminal of the electiical machine was the north seekmg pole 
sometimes the reverse happened As anticipated, the iron became magnetic 
Contrary to expectation, its poloiiiy was indefinite 

One of t\^o conclusions may be dravvn from this We can infer either 



Fig 303 — ^Apparatus to Show iNDEFiNrrE Polarity produced by the current of 

THE SPARK DISCHARGE 

(a) that electrification by friction and electrification by chenucal decomposition 
are different, or (&) that the current does not flow contmuously m one direc- 
tion dtmng the passage of the spark It might for instance surge backwards 
and forwards There is nothing mtnnsically unlikely m this supposition 
On the contrary, the mechamcal analogies which have suggested other 
characteristics of the current would lead us to expect something of the sort 
In mechamcal changes, a rapid drop of potential, as when two columns of 
mercury at different levels arc connected m a U-tube, or when a sudden jerk 
IS applied to a weight suspended by a spring, often results m a periodic 
motion Penodic motion of this sort is what die prmciple of mema would 
lead us to expect (see p 293) The growth of a current has a sluggishness 
comparable to the inertia of moving matter, as can be seen when a condenser 
or a choking coil is used m an alternating current (Fig 363) By analogy we 
should not expect an impulsive discharge accompanying the disappearance 
of a large voltage to take place m one at^. Wc should expect it to gyerstqp 
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the mark^ so toat each v\^uiC a-tematelj become negative and 

positi\e whiie tne difTeienre o^Dotcnt*?* bemg equalized 

Henry, Vvho c*isco\ered the phenomenon of self-mduction and compared 
It to the mertia of macter, drc the conclusion tnat tne mdefimte magnetic 
polaiity resiJtmg fi.om Lej den ^ar aiccnaigea. nivisi oe cue to the combmation 
of o agencies One is the eftect of a current on the povv er of iron to retam 
or forfeit its magnetism The othei "s the osi^uIaJaijr nature of the discharge, 
or, as he put it, *^tne eMStence of me principal cLschaige m one direction 
ana then se\eral reflex actions bacirrvard cuia fcjn^ard, each more feeble 
than the precedmg until equilibrium is obtained An alternative and more 
convmcmg test of the truth ot this explanation provided hy vs hat happens 
when we use the Leyden jar discharge for showing the abJity of the fnctional 
machme to accomphsn chemical decomposition Any port of the circuit 
containmg the coil in Fig 365 may be replaced by a stnp of blottmg paper 
moistened with a solution which conducts electricity In general, such 
solutions are paitially decomposed by the passage of a current An extremely 
sensitive mdicator for the latter is a mixture of starch and potassium iodine 
lodme, hberated at the anode durmg electrolysis, turns starch a deep blue If 
the current were to traverse the spark gap m one direction, the region roimd 
the free end of wire nearest the positive terminal of the electrical machine 
would therefore become blue, and the region round the opposite end of wire 
would not change colour* Expenment shows that the solution becomes 
equally blue m the neighbourhood of a wire directly connected to either 
terminal of the electrical machme 

Cmematography makes it possible to take continuous films which show 
that the discharge of a condenser is an exceedmgly rapid succession of short 
sparks of dinunishmg bnghtness This is equally true of the sparks which 
occur when a condenser, such as a Leyden jar is discharged, or of the sparks 
which are produced between secondary terminals of an mduction coil (Fig 
360) A spark is therefore an altematmg current accompamed by the produc- 
tion of mcandescent heat Rapid cmematographic films of the spark discharge 
show that there may be thousands of altematmg phases m a smgle spark 
discharge, which itself lasts less than a thousandth of a second From the 
standpomt of wireless telegraphy the important thing about spark discharge 
IS that it ts an aJtemating current of enormously higher frequency than of any 
current produced by a mechanical interrupter 

Its importance depends on the circumstances which deade the magmtude 
of mduc^ currents m a secondary circuit The maximum voltage between 
the ends of a conductor, m successive phases of the a c set up by a variable 
current in a primary circuit near to it, may be changed m three ways The 
brightness of the spark or the length of the spark gap of an mduction coil 
can be decreased by usmg a less powerful battery to work it, by shdmg the 
secondary coil away fixim the primary if the former is movable, and by 
substituting for the spring interrupter another with a lower natural fequency 
of vibration* Increasing the voltage apphed to the primary circuit, decreasmg 
the intervening distance between the two aremts, or raismg the frequency 
of make and break, can each by itself produce a higher mdheed E M F 
This means that if the voltage m the primary arcuit is fixed, a higher 
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frequency of vanation m tlie primary circuit will exerase the same inductive 
effect at a greater distance from it 

These considerations may have influenced Henry m a notewortny e\per*- 
ment which he performed m the forties In his book Amemcaa Men, of 
Science^ Crowther tells us that Henry 

connected one end of a coil m his stud> %vith the me::al rooiing on mi ho ise 
and the other end to a metal plate m a deep well near the house He found 
that needles put m tx*e coil were strongly magnetized by lightning flashes 
w^hich occuned ‘SvitLin a circle of at least twenty miles ” He shov^^ed that 
the current producetl in the house cucoit was oscillatory He found that if 
a discharge from se\ 2ral Leyden jars 5^ as sent through j \vire stiCcclied across 
the campus in front of h^assau Hall, Ptmeeton^ "“an mducuve effect was pro- 
duced m a parallel wire^ the ends of whicn termmated m the plates of metai 
m the ground m the oack of the campus ” The distance between the wires 
was several hundred feet^ and tne building of Nassau Hall stood m the muer- 
vemng space 

Thus Henry discovered the greater eflScacy of currents alternating with 
extremely high frequency, and took the first decisive step in devismg what 
IS still the means used to produce them The spark discharge remains the 
most powerful way of exatmg mductive effects at a distance The next step 
in the evolution of a practicable system of signalling without cables was to 
discover some more sensitive detector of mdu^ currents 


THE LIGHTNING PROTECTOR AND THE COHERER 

While the production of cheap cables remamed a dommatmg economic 
problem of electneal technology, there was fevensh search for new informa- 
tion about the resistance of conductors One such discovery was first made 
in the thirties It played a most important part m the development of cable 
telegraphy, and made telegraphy without wires a practical possibility Its 
connexion with other known facts about electrical phenomenon is still rather 
obscure No one who has toyed with electrical eqmpment needs to be 
remmded that loose contacts give nse to high resistances Hence a tube 
loosely packed with a powder of metallic particles, such as fine copper or 
iron filings, 1 $ a poor conductor to ordinary direct currents This is not true 
of Its belmviour when traversed by alternating currents of very high frequen- 
aes, espeaaUy the ‘‘oscillatory” cuixents durmg the discharge of a Leyden 
)ar If an osolktory current is passed through a tube hghdy packed with 
fine copper filings it becomes a good conductor, as if the parades had been 
made to suck together Usually they go on cohering until the tube is tapped 
or otherwise shaken. An early applicaaon of this fact is mdicated m a Bnush 
patent speoficaaon (No. 165 of 1866) under the names of C. and S. 3. Varley, 
who devised a lightning protector for telegraph staUons 
One of the embarrassments of the single-line system (Fig 321), which 
uses the earth itself as one cable, is that the aenal telegraph wire earth- 
conneaed through the fine coils of the recorder is esseno^y hke Benjamin 
Franklin^s lightning protector. When the overhead wire picks up the electneal 
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discharg:^ a m^Li ilo' ur ( tne sensia^e coils 

of the jua^^nir:: itj the seme rey ^"j.rret'ed Instruments 

vvere u'ter 'as:;c’’ ^£ 'Sc1g_o; ^ Tcw a o^wi voiding 

this < Cu. ♦ te'” 27 ^^cLSt^aons v^vas 

tc pwdL e cjbei m:^ Ui e -il-/ ' "’’it copp^* ^ or cl!^I tL^ o\^r- 

head i^^ire -Cc eu- h rijx (x% hu^j') In cinmeU} arcam- 

stances -is .^oist 'ure <. f*'L* ' nei -pprec ^abh' siqc-l i ch the carrent from 
the r.sfT-rir^ui ix'^ V/ t'w vas -/xaci: oy lus ^uillatorv 
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Fig aCb - -The Varll\ Ligiiining PporECxoR 

Owing to the high resistance of loose contacts m the coherer, nearly all the current 
flowing between the underground plate of the earth circuit and the overhead wire 
ordinanly passes through tlie coils of the instrument Durmg a hghtning discharge 
the oscillatory current mduced m the circuit immediately mduces coherence of the 
metal parades in the coherer, thus niakmg tlie latter a much better conductor than the 
recoidmg instruments So the hghtnmg discharge is short circuited to earth as m a 
lightning conductor of tlie type which Benjamin Fiankhn introduced 


hghtnmg dischajrge, it immediately became a good conductor and short- 
orcinted the current which would otherwise flow through the coils of the 
recorder The overhead wire then acted as an mdependent lightning conductor 
durmg a thunderstorm without damage to the apparatus. 

For use as a hghtnmg protector the sensitivity of Varley’s coherer to very 
mmute high-frequency currents was not a matter of importance. What made 
the coherer an essential step m the subsequent development of wireless 
tdegraphy is the fact that a device of this type can be made to cohere by 
extremely mmute o$ctllatory currents. It is therefore a hig^y-sensmve 
detector for hi^ fireqiiency mduenon. The discovery of this feet was made 
mdependendy by several ekctnciaiis, worikmg on the packing of carbon or 
metallic particles m xmxopbme^ of the custonoary typ^ which depepfIsM 
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the variable resistance of a pov dered conductor under mcchamcai percussion 
(see p OSS) Fleming tells us of one ob«!e^\£*uon wluch emerged from v.orK- 
shop practice at an carh stace 31icropnoneo mtL cubon steel granules 
will respond by a click to sr ‘L sp r^s ir the saire -oom Tins occurrence 
embodies all the essential fcat^r^s e n re ^ss i-istallaltons 



The fundamental features of W ireless Signallmg are exhibited m their simplest torm 
when a coherer is excited by the oscillatory current from the spark gap of an mduction 
cod The latter can be sw'itchcd on and off by a key m the primary circuit of the coil 
Currents mduced m the coherer make the latter a good conductor So if it is placed 
m senes with a battery and a telephone receiver it will switch the current m the tele- 
phone on and off, when the key m the transmittmg circuit is pressed or released 
If a vibrating key of the Morse type is used, a short (dot) and long Cdash) succession of 
sparks can be sent out m accordiice with the Morse code 


THE REVIVAL OF THE WAVE METAPHOR 

Indeed we can well imagine that wireless telegraphy would have been 
invented if no new theoreu^ enquiries mto the rdation between induction 
and hght had been undertaken None the less it would be foolish to over- 
look the fact that theory and practice both contnbuted to the same result 
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The nev\ theories whetted the appetite for disco'* ei^, encouraged the hope 
that science could satisfy the era /mg for telegraphy without wires, and 
coordinated the cunosity of numbeiless investigators to the same focus 

To undei stand why a ne v scaSbldmg of metaphor was erected as a prop 
to further extensions of electrical knowleage we must uo t recall what we 
hat e already learned m Chapter VI Durmg the seventeenth centur 3 GaLleo’s 
mechames were appLed to the study ot musical mscruments This led to 
a more precise tiew of the way m wmen sound is propagated Owing to the 
inertia of the material medium — ^air, earth, or w^ater — a -vibrating boo} 
cannot brmg the whole of t^e matter which he^ along a sound traclt to 
mo\e smiultaneously like a contmuous piston rod The disturbance due to 
a pure note is carried foiwaid in alternate regions of compression and 
larefaction, each separated fiom the next by a distance caued the ojaze^engt^^ 
(W) This is connected with the speed (S) of the advancmg track ana with 
the frequency of the vibrator (w) by the simple formula S = This 
formula show s us how to make use of two fundamental properties of sound 
production One is interfermce^ the other ^e^onance 

Simultaneous mterest m the development of the telescope durmg the 
Newrtoman peiiod led to new discoveries about light — ^its fimte speea, 
diflfaction at the edges of a shadow or image, polarization, and its abihty to 
pass freely through a complete vacuum The phenomenon of diffraction 
was recognized by Huyghens as a form of mterference The first two of the 
four characteristics mentioned pomted to a clear similarity between light 
and sound The last drew attention to a fundamental difference So scientific 
theoretiaaiis were sharply divided mto two camps, those who adopted the 
wave metaphor, and those who found it repugnant to common sense, as 
mdeed it is When science responded to the impact of further improvements 
m glass technology and the manufacture of optical instruments durmg the 
third and fourth decade of the mneteenth century there was a revival of 
mtcrests m optics, especially m France, where the phenomenon of mterfer- 
ence was re-mvestigated by Fresnel, whose method was desenbed on page 330 
Fizeau and Foucault made new and accurate laboratory determinations ot 
the speed of hght (p 330) The wrave metaphor was used to explore the 
visible spectrum for the first time 

Hitherto physical theory had recoiled from a too hteral rehance on the 
analogy between hght and sound The ideological temper of science was 
ready for a new orientation when Faraday showed that currents may be 
mduced between conductors separated by a vacuum (Fig 364) Empty space 
now held out the hope of makmg money, and gamed m substance accordingly 
In the social context of flooded mines the important thmg about a vacuum 
was that it had no weight In the social context of Atlantic telegraphy the 
important thmg about a vacuum was that two sorts of signals could traverse 
It, — ^the oldest of all signals, the hilltop beacon, and a new and better substitute 
for putting the ear to the ground In Newtnff s tune human nature had just 
ceased to abhor a vacuum, and was loth to refill it Faraday and his fellow- 
workers m sciiin.ee were less squeamish* The distinction between what is 
matter and what is not matter no longer occupied the centre of the picture 
In the latter part of his saentific career Faraday’s search for new electrical 

2a* 
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phenomena was guided by a paiablc h^pertaopmea to tlio cr s'^icsr 

paradox 

Aprrt from the fact that di^ vLscoverj of ne * £»aa 

electricity happcn*.'d M the the e vie^e special reasons \hi scien- 
tific \^wker« roiild no'^ re isi \h^ ‘►ci ci To* ** ^ni 2 thcTP 

One depends on tl c f d: i u^Ln. ma ir^ ucLun <-: Irbu a^ffe-ea*. ri;-*es 
to sound produwucn U vu ed cnply b5i.ee Cc i be iiade 

to reproduce 're ut chtut enst.c p^-cnoincna of producnon 

That is to two bc..nv- ct u ^an reiUlorc? oi »: e On Luri 

account we can assign to hglit ol oiftcient cc-oois a of wai e-lei^gtha 

To pursue tiie anrlr^^ iurthet^ ue dc foiced r> di&w" the coocIusao-.' 

th^t a light wave is produced bv violations oi enonnous fleq^iency From 
mterfererce ireabUAcmcnt^ wc c*sb'gn tre D Lne m the sodicon spectrum 
a wave-length of r»S9o i0~ certmieties The speea of hghi is ISG^Oou 
miles^ or M<m"> rnuhon metros {J ^ 10^** cm j, per sei-ond Fiom tlie formula 
S «W w e find mat /; = JUls< ►^OOt^^OOO (approximately) In the time of 

Faradax there weie no J^nfr^m tacts about transmission in a vacuum to give 
the numbei n a tangible meanmg This is another way of saymg that theie 
was no knowledge of any optical phenomenon analogous to resonance m 
sound production Induction promded the first example of a phenomenon 
analogous to resonance m propagation through empty space 

In sound production resonance may be of two kmds A vibrator made like 
a piano wirCj an organ pipe, or a tuning fork, has one pnncipal frequency 
with which It oscillates It wall respond at rest to a vibrator, which produces 
the same pnncipal note, or to the corresponding subsidiary supenmposed 
vibrations called harmomes Thus the resonance of a tuning fork or piano 
wire IS selective To make one violm string resonate to me note of another 
one of different materials or dimensions, we have to shorten or lengthen it 
till It would have the same natural penod of vibration if jerked A flat 
circular diaphragm like a drum membrane on the other hand is much less 
selective Owing to its shape it will vibrate with different frequencies when 
struck m different ways Having a large number of “natural frequenaes,** it 
responds to a great range of soimd That is why it is used m the construction 
of a telephone transmitter or a recordmg gramophone 

The periodic change of direction of current m the secondary circmt, when 
an altematmg current flows m the primary circmt of a transformer, is analo- 
gous to the non-selective resonance of a flat circular diaphragm to the notes 
of a piano. Taken together, Fresnel’s work on the spectrum and Farada3r’s 
discoveries about induction showed that disturbances propagated through 
empty space could reproduce both the outstandmg features of sound tracks 
m a material medium with elastic properties like air or water Empty space 
was accordingly filled with an obliging and all-pervadmg blancmange called 
the ether^ The sequel proved two things The crudest hypotheses can be 
firuitful if contmuaUy r^bned by use, and cimosity is a far more important 
asset to discovery than sophistication 

The standpoint of Science for the Citizen is that a saentific explanation is 
one which is vindicated by practice. Laws of saence are rules or reapes for 
the conduct of practical affairs As such we two ways in 
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\\hich the 5 fUIM tiieir use One iS to ide as with a large mass of relevant 
information m a compact The ojcer iS to e^ploie ccmmon features of 

seemingly distmc^ occw^enccs 5rst hs a step towards the second 
On tne othei hand it :s not a necesc''^; one Healejis of j^-ne tcucD be 
farmiiar w^tn t^.c c\;‘ee of aeLect-” cl Ore i-'op ^ r ^ method of 

Bacon, eoLectiag cl! infcrr a*, on p ece 7 ne oLrci *s 

a huncJis lute NewtoL, ana^ Juke Ne^’tcn^ aoanaons it at once u comic 
into coiaSia with observed facts Fj.om ume to tme the philosophers of 
science emphasize the merits of one or the othei and WaIlC as il one oa the 
other were the true methoa of science Treie .s no one methoo of sciience 
The unitv of science resides in ihe narore of the lesulij the onit^ of theoiy 
with piactice Each type detecnen has its ose^ and the cest uetective is 
one who combines botn metboas^ ^edmg hiS hcnch *ead tun tesj. hypo Jtescs 

and keeping alert to ne\ fac^s ^.hJc doing so 

Fa^acay was la dus sense the best detective Throaga lack of amvers:t\ 
educanon he Lad ii.e\e 2 acquired an inteilecraal ibcwtj for de V isxng arguments 
agamst tr 3 ing out new e^edients Having equipped the vacurnn and intra- 
molecular space with his all-pervadmg olancmange to accoinmcuate light and 
mduction, he drew the mescapable conclusico that electrical or magnetic 
stresses m the ether must affect the direction in which Lgnt waves ere free 
to move In appl 3 nng the wave metaphor to hghtj we can pictme a beam as 
a bundle of skippmg ropes with undulations travelling along each (see 
Fig 205) m different planes If a gratmg is placed m the course of the bundle 
It will cat out all the undulations except those parallel wnth the gratmg A 
second gratmg will not allow any imdulations to pass unless placed parallel 
with the first So hkewise a crystal of tourmalme or Iceland spar placed at 
any angle will let through some of the light when a beam strikes it, while the 
dimmer beam which emerges will only pass through a second crystal if its 
correspondmg face is parallel to that of the first The beam which emerges 
from the first is said to be polartzedy and differs from an ordmary beam^ 
because it will only pass through a crystal of Iceland spar when the crystal 
is placed at a certam angle Faraday passed a polarized beam of hght betw^een 
the poles of a very strong magnet and found that the plane of polarization 
was rotated To transmit hght the caystal had to be placed at a different 
angle while the beam traversed the magnetic field 

The scientific study of magnetism had begun with Gilbert’s attempt to 
make a model showmg how manner’s observations on the dip and deviation 
of the compass needle firom the true mendian vary m different parts of the 
world Gilbert’s model wras the ongm of what later physicists called a ‘‘field 
of force ” Gilbert himself used a small compass needle to map out the vanation 
of mtensity and direction of magnetic attracuon on the surface of his teiella 
or sphencal lodestone* We can get a more direct picture of the field of force, 
that IS to say, the way m which the intensity and direction of magnetic 
attraction vary, m the neighbourhood of a bar magnet by sprmklmg iron 
fihngs over a flat piece of card laid on top of one (Fig. 368) When the bench 
IS lightly tapped the filings take up a charactenstic arrangement m curved 
hues radiating from the poles If a wire which carries current is passed 
through a flat piece of card sprinkled with iron fihngs, the latter arrange 
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tJaemselves m concentric circles m the plane at nght angles to the wne as 
centre 

Faraday’s vivid pictorial imagination seized on this to elaborate the ether 
metaphor in a form which embodies all the rules of the magnetic effects of 
a current staced on pages 705 and 715 At one stage of researches he seems 
to have visualized a magnetic held as a parcel of stretched spimgs or strands 
of elastic free to bulge sideways m the empty space dep^een them Later 



Fig 369 — The Magnetic Field as an Eddy in the supposititious Ether 

If we picture the lines of force around a bar magnet as currents dnvmg a north pole 
from the north pole of the magnet (repulsion of like poles) to its south pole (attraction 
of unlike poles), all the phenomena of magnepc movement m the current field are 
summed up m the rule that the magnetic flow appears to be clockwise in the plane at 
nght angles to the flow of current when the latter is directed away firom us This figure 
shows how the rule apphes to the deflection of the compass needle, placed above or 
below the wire carr 3 mig the current Make for yourself a figure showmg the direction 
m which a wire carrymg a current, as in Fig 365, is rotated around the pole of a magnet 

these static spimgs made way for motions m the surrounding space The 
curved Imes of force corresponding to the track of iron filings fix>m pole to 
pole came to stand for eddy currents m a viscous medium If we make the 
direction of swirl (mdicated by the arrows m Fig 369) correspond to the 
direction m which a north pole would move, it also represents the direction 
opposite to that m which a south pole would move As drawn, the arrows 
stand for a push exerted on a north pole, or a pull on a south pole In terms of 



750 Science jot the Citizen 

the usual convention for current direction (positi" e to negative) Faraday^ rule 
IS illustrated in the figure The rule is that the retention of the magnetic ead> 
IS clockwise when we look along a ^>jre conve>mg current away trom us 
To get a clear grasp of the wave theory of induction it is necessary to visualize 
all the impLcations of this rule for the^four positions of the comp<iss needle 
and current shown m Fig 3 10^ Chapter XIII Once jou have visualized the 
direct current sunounded by these concentiic edcues of magnetic push ana 
pull, the behaviour of an alternating cuirent ofiers iuto possibilities 

One ma> be stated as follow s At one and the same instant oi time the direc- 
tion of current along a wire of an) length is the same at every pomt, as is also 
the direction of the magnetic eddies m the plane at right angles In more 
matter of fact laiiguage this means that compass neeaies placed anywhere 
along the length ^ovc the wire and at any distance from it will be deflected 
to a varymg tent m the %ame direction and m the direction opposite to the 
deflection of all needles placed below it at one and the same mstant In the 
next mstant all the conditions throughout the field will be reversed If this 
weie so, the periodic nature of the changes would be purely tentpoial The 
character of the field would change mstantaneously as a whole The speed 
with which the mductive effect is propagated would be immeasurably great, 
hterally mfimte, if such a thing is conceivable Experiment shows that this is 
not true 

There are several reasons for seeking an alternative view Magnetic and 
current phenomena have mema Then, too, mduction has one of the charac- 
teristics of radiation It is propagated through empty space, and all previously 
known forms of radiation through a vacuum exhibit periodic variations m 
space, desenbed so vividly by the wave metaphor. We are therefore led to 
explore another possibility. At one and the same mstant of time the direction 
of current m different parts of a very long wire may vary, as may also the 
direction of the magnetic eddies m the same plane at different distances from 
the wire In matter of fact language this means that at the same distance 
directly above a very long wire the direction of deflection of compass needles 
at one and the same mstant will be reversed at different pomts along a hne 
parallel to the wire, or at different distances firom the wire m the same plane 
perpendicular to it If this is so, the direction of the magnetic field and the 
direction of the altematmg current both vary penodically tn space as well 
as m time This means that electromagnetic mduction is not instantaneous 
A measurable interval occurs between the nse of a current flowing m one 
direction m a primary curcuit and the nse of the mduced current flowmg m 
the opposite direction in a secondary circuit at some distance fix>m it. Fig. 370 
shows for simpliaty the variation of the magnetic field m one plane at right 
angles to the current. The next illustration (Fig 371) shows both variations 
m the neighbourhood of the spark gap 

Maxwell’s mathematical attack on the problem was guided by a vivid 
realization of these alternative possibilities, and of their imphcations as they 
affect electneal and magnetic measurements Saence m his tune recognized 
three sorts of ‘‘ether waves,’* or, as we now say, radiations These were, 
rays of longer wave-length than those m the red end of the spectrum, 
visible hght, and rays of shorter wave-length than those in the violet end The 
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Fig 370 — Magnetic Fteid in the plane at right angles 10 an 

ALIFRNATING CURRENT 

Following the analogy of eddies in a viscous medium the arrows represent the direction 
of movement of a noith pole If tlie mducfive effect is propagated pertodzially in space* 
the mid-pomts of two adjacent regions where the deflections registered by two compass 
needles at one and the same mstant would be opposite are separated half a wave-length 
If all disturbances travel with the same speed as light m empty space like different 
musical notes transmitted through an, the wave-length of a disturbance set up by an 
a c of 100 alternations per second is given by the wave formula (S = «W) m winch S is 
3 86,000 miles, or ^00,000 kilometres, per second That is to say W = 3,000 kilometres 
or 1,860 miles, and the half wave-length would be 930, or nearly a thousand, miles 
To show that a disturbance is propagated m this way, it would therefore be necessary 
to devise experiments usmg alternating currents with immensely high frequency 


of resoziance to wave motton propagated with the speed of 186^000 nnles, 
or 3 X 10^® cm , per sec , and (c) that a source of hght is due to oscillatory 
currents m the mcandescent parttdes of a luminous body. 

The mathematical technique whidh Maxwell apphed to develop Faraday*s 
theones lies outside the scope of this book All we can do is to be dear about 
the sort of hdp Maxwell gave> and, as a mathematician, could give. Physical 
equations, like chemical formulae, can often serve to expose previously 
unrecognized connexions between natural events. We have met one good 
example of this in Chapter V Penodic motion implies a certam 
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between acceleration and distance from a fi\ed point There is a corresponding 
relation bemcen the pulling power of a spring and the distance through which 
Its end IS displaced bv a weight Other circomstances^ sach as the beha\iour 
of a bilhord ball on a slope lead us to conclude th^^t a pull can be measured b\ 
the acceleration it imparts So e can rite the law of the stretched spring ir* a 



Fig 371 — Variation ik tht Magnetic Field and Direction or Current around 

AN Oscillator 

When currents of immense frequency as obtained from a small spark gap are used 
as a source of mduction, the wwe-length correspondmg to the simultaneous variation 
in the direction of secondary current and magnetic deflections in planes at right angles 
to one another is u^mparatively short Owmg to lirmtanons of space it has been neces- 
sary to compress the figure m one plane The distance JW is really the same m both 
planes If Maicwell’s theory is correct a frequency of 100,000 corresponds to a wave- 
length of three kilometres or 1 80 miles A frequency of 100,000,000 which can 
be obtained from a small spark gap, corresponds to a wave-length of 3 metres or 
roughly 3J yards Although we cannot make magnetic needles which move qmckly 
enough to show an instantaneous deflection m opposite directions when separated by 
a distance of 1 o metres (half a wave-length) m the plane at right angles to a 100,000,000 
frequency osallator, we can devise experiments based on interference to show that 
such variations m the field exist 

way which tells us that a weight hanging from its end will perform a to-and- 
firo movement when it is jerked At first this does not seem to provide us with 
new information which we could not get by using our eyes. If you recall what 
was said on p, 294 you wall see that it also exposes a new way of measurmg 
the stretch per umt load We can now do this by measunng the time of the 
vibration instead of the displacement If this is easier to do, the mathematical 
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examination of the pro Diem v^orth ^nJe The mathematician cannot 
prove that the weight coo anc Jown -hi can sry is what will 
happen if the ptdl of the 'rrtli on a eight *s :ust the '"whether it is tied 
to the end of a spring, ailoTcd .o a siope^ or oalanced at rest by 

anotner one The oCv^eired resn;t -.s test of sapposition 

Maxwell esc mined me inles v/iich go^^ern ^ectncal and magnetic attrac- 
tions from this point of and showed mat if w e can nmagina the existence 
of an ether havmg the pmpeities wim which Fresnel and Faraday had 
equipped it^ stresses will travel m it with a spear wmcn is the ratio of two 
umts of current Current can be measured in thiee ways ny usmg it (a) to 
decompose a salt and weighing the products^ (6) lo chaige a condenser and 
measurmg the attractive force between the pki.es (see end of Cnapter XIII), 
(c) to deflect a suspended magnet and findmg the mechanical torsion produced 
The last two are respecuvely called the elects ostaac and electromagnetic umts 
Maxwell’s ratio is the nimiber of electrostatic umts of cunent lequired to 
produce the same magnetic deflection as a single electromagnetic umi of 
current m the same oicumstances The reasomng cvhich led Alaxwell to this 
conclusion and the reasons whiCh prompted piactical electricians to define 
umts of current m this w^ay wdi be found m advanced te^-books Two 
German electricians, Weber and KohLaasch, had found the ratio of the 
umts before Maxwell’s time Within the limits of experimental error it is 
3 > 10^^ In centimetres per second, the imits employed in measurmg 
puUmg power, this is the velocity of light Kelvm obtamed the same result 
by furtiier experiments immediately after Maxwell announced the first 
outlme of his theory about the year 1866 

A comadence so stnkmg could haidly fail to encourage research suggested 
by further apphcations of the wave metaphor Among these the experiments 
of Hertz are specially important, and are usually said to have been 
undertaken to test Maxwell’s theory It is certainly true that Hertz, like 
other laboratory workers, was greatly stimulated by its publication It is 
equally true that the tests which he used might have been devised without 
recourse to Maxwell’s mathematical elaboration of Faraday’s views The 
method which Hertz used to measure the speed with which electromagnetic 
induction is propagated starts from an analogy with sound production If 
a pipe closed at one end is tapped, a phenomenon known as a stationary 
wave can be demonstrated by sprmklmg a fine powder on its floor The dust 
accumulates m crests and troughs, as if the air m the pipe were divided 
mto regions of normal pressure separatmg regions where the pressure is 
alternately high and low An analogous phenomenon can be reproduced 
by makmg an undulauon pass along a rope attached to a rigid support at 
one end As the undulation passes forward from the end held by the hand 
there wiU be nodesy or pomts with no displacement, at regular mtervals along 
It, and these nodes will be stationary when the undulation is reflected back- 
wards towards the hand When any ‘^vave” is reflec:ted back along the same 
path by a flat surface there is mt^erence of this kmd at regular intervals 
which correspond to half a wave-length (Fig 372) 

The wave-length of visible hght is measured m hundred-nuUionths of a 
centimetre and the longest less than 10,000 of these umts So we cannot 



754 


Science for the Citizen 


detect whether opoca^ irterfcrcncc of this kind exists If is prop-’- 
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or ‘ oscillators” currern of . spark ctscharge charge tPCiT direction witn 
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vicU’s wne osi is a i ov idttors cnchcige cltcmating 100,OCOjOtiO ttioes a 
second would i toJ .. an e*cei wa,a wiJi a wave-lccglb o*' 
,-{ V 10 v> _ i()S _ lit Cj, 1 or » '“etres "f le-lccted along its own patl. 




Fig 372 — SiATiONARY Refixcted Waves fkom am Oscu.laior 

Hertz found that if a nu.tal surfhee is placed parallel to the spark gap» a resonator shows 
pci iodic repetition of excitation and indifference m particular positions along the 
path of the inductive field We can picture the intervening space as a ripple reflected 
by a stone cause wa> In reflection of boundary waves stationary points separated by a 
half a wave-length t>ctur An analogous phenomenon occurs m formation of sound 
waves in tubes closed at one end 


such a wave would have regions of complete mterference 1 5 metres (very 
approximately a yard and a half) apart A secondary circuit m these regions 
would not be excited by discharge 

If the terminals of a secondary cod are brought sufl&aently dose together 
they make an effective spark gap across which a spark will pass when an 
a c current is set up m the circuit Hertz found that a single circular loop 
of wire will act as a secondary circiut when the spark produced by a Leyden 
jar, or the secondary circuit of an mduction cod, is a pmnary source of high 
frequency a c That is to say, tmy sparks can be detected between the ends 
of the loop, when the pmnary source is acated Since the sparks are very 
minute the ends of the loop resonator must be very dose, and it must lie 
parallel with the spark gap of the primary source (Fig 372) Polished metals 
act as mirrors for other “ether waves,** and shidd mductive effects So Hertz 
tried out the possibility that they woidd reflect the waves whidi spread 
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outwards aora die oscuLa a*i CLtcac-gi lu j. v * sv Le 1 % able to disco\ei 
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THE BEGINNINGS OI WiaELESS TTUCGa-i- r. 

Hertz a?so shovved that an intcnaxficd mdi c'u»e et.ec coi**^ 02 go ct the 
focus of a large mctaihc mirro* Kis e\periments stimuiatea interest m 
constractmg more sensitive detectors of oscuis^otn CLuren^s tn?n nis metal 
loops with their tmy spark gaps Hertz resonators v»eie soon superseded by 
coherers of various patterns aevi^ed by BranJj^j ^.odge, ana 3C\erai other 
scientific workers, With the aid of better deteciois renewea attempts to 
transmit signals over long distances were imdertCLten. 

The parent of wireless telegraphy is any arrangement loi procacmg end 
detectmg mducuon This may be a primary Ime m circuit with a battery, 
an interrupter and a key, sepaiated by air from a parallel secondary Ime 
with leads sufficiently near to make a spark Long or short taps on the key 
produemg prolonged or abrupt sparking can then spell a visible message 
m the Morse code The Hertz osoUator and resonator represents a s imilar 
arrangement m which the long spark of the former corresponds to the 
pnmary altematmg current Both devices are useless for transmittmg signals 
over distances greater than a few feet. For an ordinary low-firequency mduc- 
non circuit a telephone transmitter (see Fig 338) is a more sensmve detector 
than a Hertz resonator. Even so, an audible message m Morse code could 
not be transmitted over many yards The detector is not suffiaently sensmve 

The experiments of Hertz were completed m 1888 In 1894 Lodge used 
a Branly coherer to detect signals transmitted over 150 yards In the following 
year Rutherford succeeded m transmittmg signals across half a mile of 
Cambndge streets Popoff, of St PeteKburg, Jervis Smith, Captam Jackson, 
and others made similar trials elsewhere In 1896 a young Italian, Marcom, 
came to England to take out a patent, and persuaded the General Post Office 
to undertake experiments Dunng the following May he succeeded m sendmg 
messages between two stations separated by nme miles across the Bristol 
ChanneL In 1899 an apparatus which cost less than ;£100 transxmtted messages 
across the English Channel. In that year the world at large learned that the 
benefits of the new gams m knowlel^e were not to be used m the public 
mterest by the Gene^ Post Office, which sponsored the final experiments, 
nor to be reaped by the army of saenttfic workers who had nursed the mitial 
disoovenes which made wirkess tel^raphy possible. A company had been 
formed 

The transmission of signals over great distances raises two elementary 
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issues^ one of transmssion> tlie oiiier of detection A beacon must be placed 
on a hilltop So like\Mse a wiielcss transmitter must throw out its waves of 
induction m all dirccuous For doing tins a sparK gap is of no use b}" itself 
It IS used to mduce oscillaiorj’ currents in a network of wires (the ‘‘antemia”; 
This, as Marcom discc\erod fonmtouJ} while aomg his earl> experiments 
under the mspectxon of the G P O , must be hftcd high above the giound The 
arrangement is shown m Fig Smcc ihere is no Sued connection betw-een 
the recewer and transiitatcr, tue foimer niusi. oe able to select a particular 






Fig 373 — ^Wireless Transmiiilr and Receiver of the old iype for taking 

Morse signals 


one from all messages sent out simultaneously from different stations His 
detector must resonate selectwely Discovermg how to make a sensitive 
detector resonate was a first essential m the story of wireless telegraphy 
How to make a detector resonate selectively was the final and most important 
step It was made by Lodge before Marcom’s mmor improvements were 
patented 

Selective resonance or *‘syntomc signalling” is a complicated issue, and 
It IS only possible to touch very lightly on it m this chapter In an mductive 
field a wire like that of an aerial behave like the flat thin metal diaphragm 
of a gramophone. It responds to a large range of frequencies* The wave 
metaphor suggests how this can be done, and experiments such as those 
which Lodge carn^Aout (Fig 3'X4) confirm the analogy A perfectly selective 
resonator of sound does not exist Selective resonators are nearly perfect 
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if tiiey vibrate with one avuible frequency , like a tunmg-forh A piano wire 
has one pnncipa: nequency due to ^ihr^txon aiong its \vhole lengm Super- 
imposed on it^ there are iainrcr aucuole d^e 10 saosidiar> \ibra- 

tions of sepaiJte segments Tne frequencies of d_ese ' or overtones 

which give “timbre” or richness the note £*e s^rsz e m-iitiples of the 

principal frequcnc*^ A long n nab mo^e me a mJ emits a note of 

lower frequency than c shorten one of l le same at me same tension 

So we can change the piincipal na.e of i jmno ana t^^crefoie Jie lange 
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Fig 374 — Diagrammatic Representation of Lodge’s early experiments on 

SYNTONIC OR SELECTIVE ELECTRICAL RESONANCE 

On one side the “transmitter” a Leyden jar connected to an electrical machine, the 
outer coat being earthed On the other side the receiver, a neighbourmg I-eyden jar 
with a high inductance m parallel If this is suitably adjusted sparkmg occurs across 
the gap when the transmitter is in action 


of overtones to which it will resonate by altering its length If the analogy 
holds good the problem of selective resonance is how to give the aenal 
circuit of the receiving station more or less dectncal tnertta 

In electrical circmts two phenomena are analogous to the mertia of 
material bodies One is self-mduction (or inductance ^ 726) ) Smce a con- 
denser acts as a store of dectncal chatge, its presence m paxalld with an 
alternating circmt has the same effect as mcrease of sdf-induction due, for 
instanc e, to coiling the wire m some part. It slows down the rate at which 
the current grows Either an inductance m smes (see Fig 373) or a con- 
denser in pamUd with the aenal circuit of the receiver can be used to change 
its mertia, i.e. the time taken by a cuzxoat to get going So either a variable 
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condenser or a van«ible inductance can be used to make it selectively resonant 
to a particular lange In practice receiving circuits usually have both Tiie 
variable condenser is used for fine and the vaiaable inductance for coarse 
ad)ustment 


RADIO UNITS 

In designmg a hghtmg arcuit, or a circmt for electro-platmg with d c , 
the only necessary umts of measurement are the voltj the ohm^ and die 
ampere In usmg high-frequency mtermitteni or altematmg currents, 
especially currents of such high frequency as the oscillations m the spark 
discharge, we have to take into account other properties of the circuit besides 
Its resistance, which is meisured m ohms when a steady current flows through 
It in one direction The frequency and maximum voltage m an altematmg 
arcuit IS also affected by the presence of a condenser m parallel with the 
ends of the circmt (or any part of it), and by self-mduction which is exagger- 
ated by the presence of parallel coils of wire If we compare the resistance of 
two pieces of wire by means of a Wheatstone bridge, we get the same results 
wheAer we use a d c with a galvanometer as current detector or a very low 
j&equency a c (e g 100 per second) with headphones as the detector. If the 
current is of high frequency it is not generally possible to get a weU-defined 
‘^nuU pomt,” and the best results we can get do not agree closely with the 
values got with d c The reason for this is simply that the two methods are 
only comparable if the growth and declme of current m all parts of the 
circmt harmonize This will not happen if the electneal inertia of the two 
wires is different 

Smee a wireless set contams condensers and chokmg coils, designmg and 
manufacturing wireless apparatus mvolves prescnbmg the mertia of a circmt 
That is to say, measurmg how much capacity or self'-induction the condenser 
or chokmg coils respectively possess The umts of measurement are called 
the microfarad and the henry Although the reason why these particular 
units have been chosen is too techmeal to discuss here, it is not so diJBScult 
to understand how capacity and self-mduction are measured if we agree to 
say that a condenser of certam matenals and dimensions has a capaaty of 
so many /xF (microfarads), or a chokmg coil of specified metal and dimen- 
sions has self-mduction eqmvalent to so many henrys For small wireless 
sets variable condensers with a range of 0 0001 to 0 001 /zF are sold For 
present purposes it is sufiicient to state that two metal plates of the size of 
a postage stamp separated by a film of mica 0 12 mm, thick have a capaaty 
of about 0 0002 /iF 

Having settled on the dimensions of a condenser with a capacity of 1 /aF, 
or of a coil with mductance of 1 henry, a prmaple used m assigmng the 
appropnate figure for any condenser or dioke by oimpanson with the 
standard simpty depends on the fact that a Wheatstone bridge will not give 
a dear null pomt with a high-frequency a c unless the mertia of the oremt 
IS the same throughout. Suppose, for instance (Fig, 375), the two arms 
contain two identi^ resistances with negligible sdf-mductiQn, so that the 
bridge is equally well when a low-ficequcncy a*c or d,c is apphed 
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Fig S75 — ^Wheai STONE Bridge method eor measuring c^ptciry 01 a Condenslk 

Initially the bridge is balanced ^Mth two equivalent non-inducuve icsistonces (R) 
A condenser of uni nown capacity is put in parallel with one resistance ^md one or 
more standaid condensers is put m parallel with the other nil a good null point is 
restored 


then be used in one arm of the bridge, and adjusted to give perfect balance 
when a condenser of unknown capacity 1$ put in the other arm 

Similarly, the bndge can be used to compare an unknown mductance 
with a standard The prmaple may be roughly illustrated m this way 
Suppose the two arms of a bridge carry a choking coil and a resistance of 
negligible self-mduction so adjusted that it is equivalent to the resistance 
of the choking coil itself when a d c or very low frequency current is used 
With a high-frequency current the balance of the bridge will be put out 
because the merua of the two parts of the circuit will be dtSerent To restore 
the balance we have to mcrease the mema of the resistance which has no 
appreciable self-induction, and this can be done by putting a condenser m 
parallel with it. So the self-induction of a choking coil can be estimated by 
comparison with the inertia of a condenser of known capaaty 
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THE LUMINOUS DISCHARGE 

It wall be easier to bridge the gap between wucless telegraphy as it existed 
in 1900 and wireless telephony tw^enty years later, jf we first refer to another 
class of radiation (1 e changes which can he propagated across empty space) 
So far we have encountered four types {a) electromagnetic or radio waves^ 
(b) mfra-ied radiaaons, (c) \usible hghl, (d) photochemical (alira-violet or 
actinic) radiations All of these are propagated with the Sctme speed — about 
3 X 10^® cm j 01 180,000 miles, per second They all show the characteristics 
severally called reflection, retiacaon, and inierfeicnce because of the last 
we can assign to each a range of measurements called wave-lengths Those of 
electromagneuc weaves set up by oscillatory currents he roughly between a 
millimetre and a mile Those of the other three are le*sS than a himdredth of 
a milhmeue Between the first and second there is an ‘ineAplored region We 
know as yet no way of makmg such waves or of detectmg them It is conceiv- 
able that some anmials ha\e natural sense organs hke eyes which enable 
them to do so It is likely that we shall one day make artificial sense organs 
hke coherers for recognizing them when we meet them 

Beyond the actmic rays of the solar spectrum there are other known 
radiations of the same type separated by an unexplored region m between 
Recogmzable ladiations of high “fircquency,*' between about 2 x 10^® and 
10^® per sec , are called X-rays Beyond the X-rays is the region of gatnma rays 
produced by radioactive substances, such as radium, uramum, and the 
thorium of gas mantles The order of frequency of these X-rays and gamma 
rays which are detected by somewhat similar piopemes is about 10^*^ 
X-rays and gamma rays share one characteristic of the ultra-violet rays of the 
solar spectrum They can darken a photographic plate Unlike actimc rays, 
they can readily penetrate to a great depth through relatively opaque orgamc 
substances like animal tissues For practical purposes that is the most mterest- 
mg thmg about them 

The detection of these ^'‘penetratmg’’ radiations was made through the 
discovery of the radio-acti\e elements m thorium, uramum, and radium and 
through research mto the conduction of electnaty by highly rarefied gases 
We can divide most substances mto fairly well-defined groups distinguished 
by their power to convey a current One called conductors mcludes (a) metals, 
(b) watery solutions of metallic compounds, of acids and of certam substances 
related to or denved from ammonia The other, called insulators, mcludes 
most sohd non-metalhc substances, most orgamc compounds, dry cold gases 
at ordinary pressures, and pure water. A few sohd non-metalhc substances, 
notably the element carbon, stand midway between as poor conductors 
In special circumstances gases which do not otherwise convey a current 
acquire the power to conduct electncity This was first discovered by the 
French Abb6 NoHet, who was one of the first to study the characteristics of 
the Leyden )ar (see p. 645) About the year 1740 NoUet showed that the 
succession of sparks obtamed from an electneal nxachme gives place to a 
contmuous luminous discharge if the air round the spark gap is suffiaently 
rarefied. This observation attracted little attention at ^ tim^ and a century 
elapsed before Faraday made a more thorough study of electrical disdiarge 
through gases. 
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Neon lamps are now familiar cb ects vio c£ us x look^a at them and 
have noticed that there is no or f connecting the metallic 

termmals The latter end free!} Jic ca^uty of die Cc cv.^ich is filled ^^nh 
a luminous streamer when tie cuiient is cn ua^nps of this kind 

(now used extensively m signs) depena w con v*e fact taicSed gases 
will conduct eiecrncity The}" do not conduci electricity dzojiciuig to Ohm*s 
Law, which tells us that the resistauce ol a naetsc condactot at a fixed tempera- 
ture IS a fixed characteristic, unaffected bj the ^otlage bemeen the ends of 
It They only acquire the power to do so when tLe voltage oetween the ends 
of a column of gas exceeds a certain .jmit Where this limit hes depends on 
the pressure of the gas With an cirrangcrnent suen as the one shown in 
Fig 376 It IS possible to study the effect of reducea gas pressure on (a) the 
potential required to produce a contmuous band of lights (b) the conductivit} 
of the gas itself, and (c) the manifest appearance of the liimmous discharge 

If we start with a fixed E M F sufficiency high to mamtam a spark at 
atmospheric pressure, and reduce the pressure m the tube, we reach a stage 
at which two things happen The cracklmg of the spark gives place to a 
silent broad stream of hght between the electrodes An ammeter readmg 
then shows that the current in the tube is greatly mcreased So the gas has 
become a relatively good conductor of ekctiiaty Ac very low pressures 
dark spaces alternate with glowing patches m the track of the luminous 
discharge, and the glass wall near the negative electrode (kathode) becomes 
phosphorescent At stiH lower pressures there is no stream of hght between 
the electrodes The entire wall of a straight discharge tube now glows with 
an eene phosphorescent hght, and a photographic plate m the neighbour- 
hood of the tube is blurred, even if it is well wrapped up in black paper 
At this stage the gas left m the tube retains its power to conduct a current 
freely. If the pressure is reduced to the lowest attainable limits the phosphor- 
escence ceases, and the space no longer conducts This fact is important 
because it shows that the flow of the current depends on the particles of the 
rarefied gas 

The variable resistance of the circuit shown m Fig 376 may be used 
to find the critical E M F at which the gas is able to conduct readily. The 
voltmeter readmg then shows that the reduction of pressure till the gas 
reaches a highly rarefied condition is accompanied by reduction of the critical 
E M F Above this limit a rarefied gas becomes more like the solution of 
a mineral salt, amd, or alkah, and a possible explanation of its behaviour is 
that the apphcation of a high E M F breaks up its molecules mto constituents 
with opposite charges like the ions of an electrolyte Since the characteristic 
effect of a disdbaige on a sealed photographic plate only happens at very 
low pressures, when its walls begm to show phosphorescence, the radiations 
responsible for the photographic effect must then be due to some secondary 
action of the electncally-chirged partides, as for instance their impact on 
the walls of the tube. 

This was the condusion reached by Rontgen, who acadentally discovered 
the chemically active radiations m the neigh^urhood of a high vacuum 
discharge tube m 1895, Earher work had shown that metal screens in the 
non-hm^ous track of a high-pressure tube (Fig, 377) havmg the poMme 



762 Science for the Citizen 

electrode inserted sidewavs c^t a shadov/ Thdt is to say^ there is no phosphor- 
escence of the glass c^^posite to the screen on the side remote from the 
kathode The aoperi su^gest^ iJir't n<“gau^eiv-wlic:rgei par-icles aie 
propelled foi^v^rJ tn ^ I t^e by repid'^ion fiom die neg^Lve electrode 

If this sirc.ji of '"egcdic pair^c^es eMsls it m^st ha^;e all the characte.^SuiCs 
of a amdnectiunal current Jrlence 11 must be deflected by a magnet Although 
the ^''athode ctre m is invisible^ its eastence can be tested by asmg disclioige 



Jugh voltage 


Fig S76 

Arrangement foi btudying how the reduction of gas pressure aftects the sparking 
potential and how the conductivity of a gas changes during the passage of a continuous 
luminous sti earner The ammeter in the circuit B gives current strength m a circuit 
including the ionized gas When the gas is ionized the current in the circiut increases 
owing to the fall of resistance The voltmeter gives the pottntial at the sparkmg 
electrodes This can be vaiied by a shding wire The usui source of high voltage 
is the intermittent current of an mduction coil with a condenser m the primary ciicuit 
to ensure that the mam flow of current is m one direction 

tubes of suitable shape The phosphorescence can be mainly concentrated 
m a small area on the glass face directly opposite the flat kathode Earlier 
observations had shown that dark spaces which mterrupt the lummous 
stream of a discharge tube at moderately low pressures can be concentrated 
by a magnet held ntaac it* Rdntgen repeated these ot^ervations^ and found 
that the area of phosphorescence on the ^$s end tacmg the kathode can be 
made to move 1^ moving a magnet near it 
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Fiirthei eiipemnencs which led lo the niod£x.ji X- tube were guiaed 
by this h3 potbesis A'>sonm^ tiD?’t the chei ucah^ -cc^’f penetrating radia- 
tions aie produced by cne impact of ncgan p'ZiL.cle® cem ed from the gas 
Itself and projected, forwards by the repulsrcn irom the ivaihoae^ Rontgen 
devised a lube lO test wheti?er difTeten. lac-oucns ?rc prw. ducaa by the 
impact of negative p^ruc^c^ on different saO'^tanccs The od\ icls applications 
of this discovery m s -gical diagnosis (F:g — on accoimi. of the ease with 

wmch the chemically sensitive lays penetrate orgomc substances — e\c*ted 
interest all o"ver die \Gildj and stumolated -eseaicn rx"' led tv tue cisccverj 
of other charactencacs vvhich Jrev possess One is u^rt lOiCiZe ^ises 
The presence of X-iays in he air around an a&cope r^s U'-e saire 



Pig 377 — Discharge Tube for showing characieristics of che Kathode Stre^ m 

Wlien a metal shield as shown is placed between the kathode and the anode, phos- 
phorescence of tiie glass walls on the far side of former is confined to a bright patch 
exactly opposite the flat kathode This shows that the kathode sutam follows a straight 
path The bright patch of phosphorescence can be made to move by means of a magnet 
held near the discharge tube This shows that the kathode stream can be cent out of 
Its course by a magnet 

effect as sea spray Charges leak away quickly Just as the impact of negative 
particles will excite a surface to emit X-rays — ^as we shall now call them — 
X-rays will loosen negative particles from the molecules of a gas. This 
discovery^ made by Rutherford, at that time engaged m radio research, was 
followed by attempts to find out more about the negative particles or 
electrons repelled by the kathode 

The size of the electron has been measured by experiments which are partly 
based on the same prmaple as calculating the bent path of a cannon ball hori- 
zontally fired from a gun with known explosive force This can be done, as you 
may infer from p. 267, and hence we can deduce the weight of the cannon ball if 
we know the force of the explosion, the acceleration due to gravity, and the 
extent to which it is deflected from its horizontal course by the pull towards 
the earth^s centre. If the kathode stream is like machine-gun fixe, the way It 
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lb bent by a magnet or electrified metal plate may be used to calculate the 
ratio of the mass to the force of electrical ^‘charge” on an mdividual particle 
This turns out to be the same whatever laiefied gas xs present m the discharge 
tube, and whatever metals are used as electrodes Smce the mass of the atoms 
and molecules of different gases and different metals is dijSferent, this result 
IS only mtelligible it we assume that the electio/i is a porucle common to the 
make-up of different atoms 



The negative electrode (kathode) is concave to produce a converging pencil of kathode 
particles on the metal plate of the positive electrode (anode) The impact of the electrons 
on the latter make it give off X-rays which penetrate the hand and the black mask 
containing the imexposed negative 


WIRELESS TELEPHONY 

The Marcom S 3 ^tem of signalling depended on using the coherer as a 
switch to turn the current of the detector circmt on and off The recorder 
m the detector curemt registers long or short taps of the key which releases 
the oscillatory current at the transmitting station So many long (dash) or 
short (dot5 taps m a particular order stancls for one or other of the twenty-six 
letters of the Morse alphabet, or for secret code words The dots and dashes 
may be recorded audibly by duration of the buzz in a telephone receiver, 

or registered by a Morse instrument (Fig. 373) with a pen wntmg on a 
movable tape The inema of the coherer is too great to ke^ stqp with a 
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rapid succession of osciliaLorj< currents one another with the 

frequency of a musical note Direct speech trans-.'ussion imoives the use 
of a device called a reciijSei 

The frequency of an oscillatory current is imniense compared with the 
frequency of a musical note ^/l.dale C is produced by ^mradcns of 2oG 
per second Radio waves of 300 metres rvave-lergtn cie proa^ cec c} a current 
which alternates with a frequency of ijOOO^COO per second A tapper which 
released them at equal inteivds 250 ames a second equal mtena^ of 
rest between would send out a bucces^^oii cl oscdi’’:orv d-scharges^ each 






caiidziisar ^ 
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cliol’xng coil) 


J~^. 


[l-'J yi^<i cr’ vcJLz) 


CiUaphonz 



Fig 379 — Wt brtks s RECEIVER WITH CRYSTAL RECTIFIER 
The inertia of the circuit is correctly tuned by a variable condenser m parallel. 


corresponding to roughly 2,000 current alternations On the face of it there 
IS therefore no insuperable obstacle to the conversion of wireless waves 
into sounds In an ordinary telephone recover tbe diaphragm vibrates with 
a frequency correspondmg to ^t of the note whidi the ear recognizes. 
The vibrations of the diaphragm correspond to variations m the magnetic 
field produced by corresponding variations of tbe current whidh always 
flows in one direction In tel^hony without wires the problem is how to 
record a note of, say, 256 vibrations transmitted m 256 equally spaced parcels 
of, say, 2,(XM) equally spaced reversals *of current m the amal receiving 
circuit This resolves its^ mto converting each parcel of oscillations into a 
smgle pulse of current m one dtrectum. 

Workshop espenence of loose contacts supphed the first clue to show how 
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this could be done A loose contact between a steel point and a crystal of 
carborundum acts as a one-way route for current^ fusmg a succession of 
phases m a \ery hign frequency a c to form more or less coherent single 
pulses In tins way the osculations produced by a succession of sparks 
leleased with the frequency corresponding to an audible note can be lepro- 
duced m the recemng set by umdirectional current variations m the tele- 
phone This in essence is the prmciple of the crystal detector (Fig 


osalLzLtoi v'' 



Fig 380 — The Flezviing Valve 

When the positive end of the filament (A) is connected with the plate (B) a current 
flows between A and B, as can be shown by putting a galvanometer m senes with 
A and B If instead B is included m the oscillatory circtut current will only flow m the 
latter when B is posiuve Hence the plate acts as a rectifier 

which was an entirely empirical discovery * Rectification, i e fusion of a 
succession of current alternations in a smgle pulse in one direction, can also 
be achieved by later devices which have now superseded the crystal detector 
of the first broadcasting sets The later rectifiers depend on the apphcation 
of a prmaple suggested by research mto the ionization of gases 
The Flemmg valve (Fig 380) is simply an electric light bulb containing 
a metal plate with a separate t&cmmsl in addition to the incandescent filament, 
Accordmg to the new knowledge gamed by the study of electncal conduction 

* The crystal detector also acts as a coheir, being sensitive to small oscillatory 
currents. 
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m gjses, eiecinfied bodies £l-*v:; £li e^cc^s o ci ehcirons at the 

suriace Keatuig r neg.rti^/'eilj ^^^ccxscJI'^fa '’di-e the pa^.e an el‘=‘rlrO“ 

pnoras rerro"ve 3 its cna-^ge So v c p.es' ''c p uii*t e^eclrons 
terd to ftj oJ* heal lo p-s'icr^ *0 a>"_''aCo 3' a Tnc^ri Z>-'ctior:G 

ihererore fly o 2 «Jae fucireni or «? linp -Ji ^z^du rr da;.,'! ^Isue cr ^'le 
Fiemjig ijl’e po^iitvej eiec'^^cxt'^ vvZi oe ait-scu^ as ch-.rge 

Electrons be repelled ’f the piaiie r.'-^C'L-p Z'^s 'tiecus w xf t\*;o 
ends of an A C circmt a**e ccnneclea lespoca-* el-, '•.le ra-^iwi 3 c.ra to 
tne negative teimmcJ ci Jie lamp ci-coic^ cui'-e^t v L ^ uc-vi/a^Lt 
fllament and plaic^ and x-jl tne A C cij enji ^ nex^ u^e c.^c.c . e A’uexna.e 

phases are tnerefoie cui: oi l A iinicLiecuiOiip ' jr^Ld _ - ten. cu -cdl \ j. 
and i± the successnt* phc.bes of rde iax^ei b^^cced one itn great 

rapidity they are xnoie or less compiei-ei/ luced xnio one pnlLe rh.s r val\e 
rets as a one-wa> route, ccnveiung a succcso.cn o^hig'l-Aeq^enc5r oscillator} 
cxureuls into a succession of single puluO caxre^ls in one cnec^on, when 
the oscillator} curient is m senes v-tn tne nicxal plate a^d tie hegat^^ve 
lerrrunal of the lamp filament 

The undeilym^ principle of televibicrn r -.. logons to telephony The 
essential prmciplc in\olved in leproducmg sonnd at c distance is that 
variations of sound in the transmitting instrument (microphonej pioduce 
conesponding variations m the resistance of the circmt In the receiver 
corresponding fluctuations of cuirent pioduce conesponding fluctuations 
in the field of an electromagnet These set up corresponding audible vibra- 
tions of a steel diaphragm The vanauons of resistance in the transmitter 
are due to vanations of mechamcal percussion on a loose contact Thus the 
microphone diaphragm is a sort of switch which is turned on and oflE’ by 
sound waves It is easy to produce hght by a current The problem of repro- 
duemg It IS to make a switch which can be turned on and off by another 
source of illuminauon This can be done, because the resistance of some 
substances, notably hdemum^ is affected b> hght Selemum is a good insulator 
in the dark In the hght it is a poor conductor So a film of selemum m senes 
with a current acts as a switch or coherer for visible hght If the circmt 
contains a lamp, hght may therefore be used as a stmmlus to produce hght 
elsewhere Neon lamps become mcandescent rather suddenly at the cnucal 
E M F when ionization of the gas starts A comparatively small change of 
resistance m the circuit of a Neon lamp is therefore sufficient to turn the 
light off or to turn it on, if the current is smtably adjusted 

It IS easy to envisage how a visual pattern could be reproduced by an 
arrangement mvolving this prmciple if you recall the elaborate figures some- 
times exhibited as signs on high buildings Imagme a screen studded 
with selemum resistances, each connected to a lamp occupying precisely 
the same relative position m a second screen, and so adjusted that when 
light falls on a particular resistance the corresponding lamp m the receivmg 
screen will beconfe mcandescent To each stud m the transmitting screen on 
which a pattern of hght or shade is focussed, there wall be a correspondmg 
pomt of bnghtness or darkness on the receiving screen* So the pattern on 
the latter will reproduce the image on the former* This is not the mec h a n i sm 
of transmissioa actually employed m television* The device which Bturd 
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patented depends on the same prmciple as the cmematogr&ph That is to 
saj, the effect of a light stimulus persists on the retina for an appreciable 
period of time — about one-sixih of a second If a succession of points of 
light all fall on the retma v irhm this period the> give nse to a contmuous 
sensory pattern The image of the object to be transmitted falls on a fiat 
wheel with small oiifices arionged in a spual Behind the wheel is a selemum 





It a (1 e wire mesh) is placed between the plate and the filament of a Fleming 

vaHc any vaiiation of the electron current between the filament and gnd makes 
a large difference to the plate current which flows when the plate is kept at a high 
positive potential In loud speaker circuits the oscillatoiy circuit is connected with the 
gnd The variations m the plate current produce the sounds m the telephone or loud 
speaker 


screen,* the resistance of which goes down when a hole lets through hght 
At the same moment a Neon lamp at the receiving station m direct or radio 
connection with the selemum cell goes on If a second wheel rotates at exactly 
the same speed as the first m front of the Neon lamp m the receiving set a 
beam of light will issue from a hole m the same position* whenever a beam 
of light penetirates the corresponding hole m the transmitting wheel Thus 

* A photo^eUctnc ceU^ m which a deposit of an alkali metal m a vacuum tube 
produces a small current under the influence of hght, is often used instead of a selenium 
screen 
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a spaual pattern of points of light is translated into a single succession of 
electric jnpolses, and this in its turn is translated back again into a spatial 
pattern 


OVERSTEAINING THE ETHER 

In the propagation of hght and of electromagnetic effects through emptj 
space we encounter various types of periodic phenomena, such as mterference 
bands (Fig 206) or electrical resonance These can be observed direcdy 
The spacmg of mterference bands and stationary nodes m the trade of a 
hght beam or tram of electromagnetic mduction mvolves any odd multiple 
of a measurable distance This measurable distance is the actual diffpr^rirt^ 
between the paths traversed by two disturbances from the same source 
In accordance with the correspondmg phenomenon of acoustical mter- 
ference, this distance is called a half wave-length So far as phenomena 
of mterference are concerned hght and electromagnetic mduction are propa- 
gated like sound waves of compression and rarefaction For other charac- 
teristics of radiation through empty space the analogy no longer holds 
The power of polarized hght or of an electromagnetic disturbance to traverse 
a crystal of fluorspar or a grating of metal wires when, and only when, the 
crystal or wire gnd is placed m a particular position recalls the kmd of wave 
motion executed by a shippmg rope or circular npples spreadmg from a 
stone dropped mto a pool The characteristic of such wave motion is a periodic 
transverse displacement, i e a displacement at nght angles to the track of 
the wave 

The analogy between radiations and “transverse vibrations” of this type 
is not wholly satisfactory Famihar examples of the latter are shape phenomena 
characteristic of the boundary of a medium m contradistmction to propagation 
of a disturbance with wave-hke characteristics through the interior of a 
medium A more satisfactory mediamcal modrf is easy to visualize, though 
It IS not easy to construct. We can picture omeentne eddies m a viscous 
fltud swirlmg at any given instant of tune m opposite directions and separated 
at equal distances by zones where the medium is at rest We can also imagme 
how the motion of the current at any pomt m the flmd may slow down to 
zero, gam motion m the opposite direction, reach a maximum, slow down 
to zero, and so on m successive mtervals of time. In this model, illustrated 
m Its simplest form m Figs 370 and 371, there is a penodic transverse dis- 
placement at nght angles to the radius of the concenmc cylmdneal eddi^ 
For visualizing the phenomena of mterference along the track of a radiation 
It reproduces all the relevant analogies between radiation and sound waves 
of compression and rare&ction For visualizing the phenomenon of polar- 
ization It embodies what is relevant m the ai^ogy betwem radiation and 
boundary waves. 

Like every other analogy which we can easily visualize this one breaks 
down at a certam pomt It helps us to picture the &ct that a wire gratmg 
placed m the tram of an osoUatoxy discharge or a crystal acting as a grid 
for polarized light can obstruct radiation, unless placed m a particnlar 
txisition On the other hand, it reomres a end wnth immeasurablv lone ahts. 
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A model which meets all known characteristics of radiation ceases to have 
any lesemblance to mechanisms which we ever meet m real life This is not 
because science reveals less orderliness m nature as it grows It is because 
science reveals new and imsuspected levels of orderlmess As new stones 
are added to the edifice of known regulanues m the real world, some of the 
old scaffoldmg of metaphois which helped to prop it up fall away Man’s 
first expenence of measurable mteracuon between material things was 
denved from levers, puUeys, and siphons, which transmit power through the 
substantial contact of cords, cogs, belts, and pipes When science was first 
concerned with changes which are mduced without the mtervention of 
ponderable matter, analogies suggested by more familiar measurements met 
with m more primitive mechanisms pomted the road to unsuspected truths 
Once we have adjusted ourselves to the oddities of radiation the aU-pervadmg 
elastic ether is seen for what it is, a useful device for mappmg space, like 
the hues which Gilbert drew on his terella What remains are the periodic 
characteristics of measurements on the transmission of power through 
empty space. 
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PART IV 


The Conques oj Hvnger and Disease 


'‘But It was especially after the rum spread by tae Gotns, WD&n all the 
sciences which before had flourished gloriously and u^eie praettsed as was 
fittmg, went to rum, that more fashionable doctors, first m Italy, m imitation 
of the old Romans, despismg the work of the hand, began to delegate to slaves 
the manual attentions they judged needful for their patients, and themselves 
merely to stand over them hke architects Then, when all the rest also who 
practised the true art of healmg gradually dedmed the unpleasant duties of 
their profession, without however abating any of then claim to money or 
to honour, they quickly fell away from the standard of the doctors of old 
Methods of cookmg, and all the preparation of food for the sick, they left to 
nurses, compoundmg of drugs they left to the apothecaries, manual operation 
to barbers ” (From Professor B Farrmgton’s preface to Enghsh translation 
of Vesahus’ De Fabnca humam cm pons ) 
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WREN LIFE IS CHEAP 


From what we have leamea la the opening cliapters of this boot; it will now 
be clear that tne distincuon sometunes drawn between aaaent science and 
modem saence is a distmction of content rather than of method If we wish 
to draw a hard and fast hne between craftsmanship and saence, we can only 
draw It at the pomt when expenence has brought forth pnnaples sufBaentlj 
comprehensive m scope to demand a permanent vratten record In that sense 
astronomy, the statics of sohds and hqmds, and geometrical optics are 
saences of great antiquity Chemistry, heat, and electnaty are essentially 
modem 

The saentific study of hvmg organisms on the other hand is both 
anaent and modem T^e written record of medicme goes back almost as far 
as astronomy Indeed, the saymgs of Hippocrates are household words In 
contradistmction to all other learned professions, mcludmg even astronomy, 
the practice of medicme m the Western world records an almost unbroken 
apostohc succession from the Greek penod Thenceforward there was htde 
conspicuous progress all the beginning of the seventeenth century of the 
present era. From the pubhcaaon of Harvey’s treaase on the circulaaon of 
the blood knowledge of hvmg matter has advanced steadily and contmuously 

One reason for this is not far to seek The contmuous eicistence of medicme 
as a soaal msatuaon imphes the mamtenance of an organized profession 
with opportumaes for capitalizing whatever crumbs fell from the table of 
other branches of saence How ime this is will be suffiaently evident when 
we recall the ade enjoyed by the Mooruh doctors and their Jewish successors 
m Spam, where the doctor was descnbed as “physician and algebraist” 
So m sedung for the social background of man’s conquest of disease, hunger 
and behaviour, we encounter at the outset two mam issues One is the 
agenaes which have conspired at vanous times to maintain the contmmty 
of medicme as a secular learned profession, to advance its presage and to 
diffuse Its influence. The other is the way m which progress m mechamcal 
saences has placed at the disposal of the medical profession new mstruments 
and, with them, new problems and means of solvmg them. 

The influence of medicme on the mechanical saences and of the latter 
on biological studies which medicme has encouraged has emerged repeatedly 
m previous parts of Saence for the Citizen Medical sohotude sponsored 
the spectacle trade, which m turn revived opacal saence Revived mterest 
m opacs nursed the microscope, which revoluaomzed saenafic knowledge 
of reproduction and epidemic disease Physicians assisted at the birth of two 
new physical saences, when the study of gases was the provmce of “pneu- 
maac chemistry,” and the measurement of heat was confined to thermometry 
In turn industrial chemistry has made new methods of analysis available for 
the study of nutnaon, and modem engmeeimg has provided a cosong system 
for bodily work Gurrmt elecmcity began with medical r^earches on nerves, 
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and practical telegraphy has provided the apparatus for modem discoveries 
concerned with nervous conduction 

The famihar formula of crime fiction (see p 578) suggests three aspects of 
scientific progress The existence of an organized profession of medicme 
has provided opportumttes for the study of hvmg processes The microscope^ 
the chemical balance, electrical recording mstruments, the thermometer and 
the calorimeter have provided new means for solvmg the problems they 
suggest The existence of new techmcal problems to furnish a fresh motive 
for the pursuit of biological knowledge is perhaps less obvious A new motive 
for exploitmg the new means which contemporary progress m related sciences 
placed at the disposal of the physician or the apothecary does, m fact, emerge 
at the threshold of the modem penod 

Researches such as those of Gordon Oiilde have taught us that the great 
biological mventions antedate civilization as the term is usually used The 
Neohthic was a gram-growmg economy, and the domestication of man’s 
chief assoaates m a self-suflBlaent system — ^the horse, the sheqp, the goat, the 
ass, the camel, the ox, the fowl, the bee, the yeast orgamsm — ^is m almost every 
mstance now known to be as old as atj life Alan learned the art of seed 
scattermg, of milkmg the cow, of bridlmg the ox, of harvesting the gram — 
probably of grafting the vme and fertilizing the date — ^before there was any 
corpus of recorded scientific knowledge m the world Aside from a few 
pedestrian descnptive accoimts by wnters of the Roman Empire, the 
record of man’s struggle for food had no place m the hieratic or impenal 
cultures of the Mediterranean world For one reason or another this neglect 
ended at the very time when the stmggle for new materials was assummg 
a new aspect 

Cut off from the humble toil of the cultivator, medicme registered no 
conspicuous progress for two millennia durmg which scientific husbandry 
remamed at a standstill Roman agriculture, which was operated on a more 
imposmg commercial scale than agriculture m northern Europe durmg the 
sixteenth century, failed to mspire any written record except pedestrian 
georgics of hterati who were not professionally connected with the pursmt 
of saence It made no endurmg contribution to biotechnology. Durmg 
this penod the command of medical skill was the prerogative of those 
who did not know the pmch of hunger Mankmd had not as yet learned 
that the health of the few cannot be assured m a commumty which allows 
disease to lurk among the many Medicme itself made htde progress while 
the medical profession was exclusively concerned with the well-to-do 
When conspicuous progress did begm, the most notable victones con- 
cerned diseases whose characteristics compelled attention by the very fact 
that they mterfered with the workmg life of the commumty Hence the social 
background of man’s struggle with disease and hunger must be sought m the 
agenaes which extended the benefits of medical care to the commumty as a 
whole and brought the study of medicme and the practice of horticulture and 
husbandry mto one and the same social context 

The period of Harvey, from which the continuous progress of modem 
medicme dates^ was the threshold of a revolution in agricultural tedmique. 
It also witnessed the use of commercial borticultare which begins with 
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t±ie Dutch tulip craze m the sixteenth centuiy The advance of modem 
medicme owes a large aebt to modem productive biotechnology’ In its 
beginnings^ the latter benefited by the existence of a profession mterested 
m encouragmg its growth Harvey *s work marks the end of an epoch durmg 
which biological studies were exclusively preoccupied wim the pursuit of 
health Thereafter the conquest of disease is mextncably mterwcven with the 
conquest of hanger 

We have learned from the story of man’s conquest of mateiials that the 
mtemational economy was showmg symptoms of stram^ as it approached 
the pinnacle of its development The long ages of impenahstic wars^ of 
commercial exploration, of conquest and of colonization were approachmg 
their end The mventory of nature’s ready-made products was wellmgh 
complete Durmg all this period scientific culture had been urban, and its 
most characteristically urban phase of development, the bnlhant efflorescence 
m Alexandria between 300 b c and A d 300, was relatively barren from the 
standpomt of biology Alexandrian science, so bnlhant m other fields, was 
comparatively stenie from the standpomt of biology, and its stenhty, like 
Its arrested development m the science of power and matenals, is at least 
partly susceptible of a simple explanation 

So long as slave labour was abundant, the social mcentive which led to the 
systematic study of non-human sources of power and to the discovery of 
the gaseous state was lackmg Cheap labour and a cheap valuation of human 
hfe have never been propitious to rapid development of scientific know- 
ledge This is more true of biological enqmnes than of any other branch of 
scientific knowledge In two wayrs the mstitution of slavery obstructed 
biological progress m antiquity Als medical science could not advance while 
medical services were the exclusive prerogative of the wealthy, scientific 
husbandry did not advance till a scmi-hterate class of free cultivators and 
village Hampdens became socially influential In the social backgroimd of 
seventeenth-century biology we see the extension of medical services tn a 
social rmlieu propitious to hiotechmcal innovation 

Though soaal influences unrelated to pubhc hygiene, notably navigation, 
stimulated and encouraged the demand for naturahstic knowledge m the 
dark ages of the Faith, the spread of the Moorish culture which had garnered 
the fruits of Alexandrian science and Hmdu mathematics would scarcely 
have been possible, if there had not co-existed educational machmery pro- 
pitious to naturalisuc enquiry Dr Smger’s researches have taught us that 
the medical schools of the medieval umversities were formed by Jewish 
missionaries of Moorish saence These schools were of pivotal importance 
to saence. They gave naturahstic enquiry a foothold withm the precmcts 
of the ecdesiastical culture which was destined to be overthrown by it 

When we recall how htde outstandmg practical progress was achieved 
over a penod of many centuries during which the medical profession occupied 
a position of outstanding cultural importance, the contmuity of medicme as 
a learned profession with its own hterature is a somewhat remarkable fact 
of man’s social existence It is hard to say why the physician earned a con- 
fidence which could outweigh the very severe mconvemence of bemg a 
pagan or heretic. Anaent prescnptions were, with one notable exoeptiou. 
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sheer quackery Of all the remedies m the classical or Moorish pharmaco- 
poeias perhaps the smgle conspicuous achievement <vas the use of purgatives 
and apenents For biology it was a fehatous orcumslance tliat the disorder 
redressed by this class of remedy is of singularly common occurrence 
Maybe it was pre-emmently m his capacity as surgeon that the practitioner 
gamed the respect of his fellows The majority of lownsfoilx, bemg httle 
accustomed to the sight of wounds and fractures, readily succumb to hysteria 
or inactivity when brought face to face with them So they grat.cfully welcome 
the offices of anyone whose regular experience fits him to approach them 
with calmness and dehberauon, even when beneficial results of his mmis- 
trations are not self-evident 

Whatever circumstances contribute to the almost superstitious reverence 
which the profession of healmg has managed to attach to itself, and to retain. 
Its existence is hardly amaner of dispute Special circumstances coninbuted 
to enhance it durmg the three centuries which pieceded the pubhcation 
of Harvey’s works on the orculation of the blood and the generation of anim als 
We may refer to two of them respectively as Chastiamty and metropohtanism 

CATHOLIC DOCTRINB AND THE CASE OF THE SICK 

We may trace the soaal origins of European medicme, as we understand 
the term today, to the hospitals and gardens of the monastic orders and to 
the medical schools of the ecclesiastical universities The existence of the 
former and the, at that time, smgular tolerance which encouraged Jewish 
Arabic scholarship m the latter are testimony to a new respect for human life 

We axe now sufficiently fer removed from the superstitions of Mr Glad- 
stone’s time to take a more detached view of the social significance of Chns- 
uaiuty than firee-thmkers of fifby years ago could be expected to entertam 
With no temptation to swallow the pietistic apologia of Mr Hilaire Belloc 
m them entirety, we need not shut our eyes to the faa that Cathohe Chns- 
tiamty did, on the whole, discourage chattel slavery and mdisputably m- 
doctnnated Europe with the special beatitude of those who tend the sick 
and infirm Chnsuan metaphysics, bemg Platomc m ongm, was anstocratic 
m temper and wholly mimical to the progress of natural enquiry as such, 
rhnsnan ethics never completely relmqtushed its Essene mgrcdients which 
revived m the Spartaost ideology of Wychffe’s poor preachers As an ethic 
Chnstiamty did much to encourage saence. 

Cathohasm contamed what Hegelians call an mtemal contradiction. 
Succourmg the poor and needy and healmg the sick were among the ostensible 
objects of the two great monastic orders of Benedictmes and Franciscans 
How members of the latter sponsored the only first-rate medical amemty of 
the tniHdle ages, and the repercussions ot the spectacle mdustry on the phy- 
sical science of the penod have been pomted out earher (see p 132) In the 
thirteenth century eagerness to earn the beatitude aforementioned was 
sufficiently strong to override the plam duty of compelling the infidel to 
come into the fidd and to xescue heretical brands ficom the bummg by prac- 
tical honueopathy. TThe Jewish and Mocmsh physicians commanded special 
pnvil^es. The early medical sdbools of Atonqidtfer and $alenio» which 
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were founcied bj became a focus of the naturalistic movement which 
bore m die at of scientafic discovery during the Copermcan 

epoch 

The momsiery rbjs^c garden was the begmnmg of a doser union between 
tne practice of medicine and the stucy of mture On the same scale, herbal 
medlane was not cuiu^ ated m the urban centres of culrore under Roman 
iTnpenaiism The monastic orders also created a new social mstitution which 
was to mal-e 35 stemaac and continuous medical study possible for the first 
time m history Our oldest bosnitals were founded by the monks In this 
conrexion the following citation from Simon’s authoritative work, English 
Sanitary h^tttnPonSj'^ einphasu'cs the sigmficance of new social values as 
an aspect of tne sociJ background of biological progress 

In the parts of die Roman Empue which weie soonest affected by the pro- 
mulgation of Christianity a gieatly increased thoughtfulness for the poor, with 
a great development of charitable service towards them, was a conspicuous 
first-fruit of the creed so that, m all eailj Cnristian commumtiess the giving of 
alms to the poor, of personal tciidance to the sick, of shelter to the homeless, 
and geneiallv of brother^ and sisterly help to persons m necessitous circum- 
stances of mind body, or estate, became, as it weie, a characteristic ritual of 
the new faith It was a ritual which the surroimdmg Roman world may have 
found the more impiessive from the fact that m those early days it required 
no apparatus of Flamens and Pontiffs, nor even mvolved any bummg of in- 
cense, and the Emperor Julian was led to confess somethmg like envy on behalf 
of his co-religiomsts, as he saw how they were exceeded m charitable action by 
votaries of the faith which he despised In various great centres of population, 
Chrisnan philanthropy soon showed itself m the estabhshment of standmg 
asylums and houses of hospitality of different sorts for persons, old and young, 
who might need them hospices (m the narrow sense of the term) as places 
of refuge for sti angers and outcasts, almshouses for the helpless poor, homes for 
orphans and foundlings, and reformatories for women who had gone wrong 
and not least among such establishments, hospitals for the sick and wounded,* 
hitherto not precedented in the world, except to some extent m Buddhist 
India, and m extremely small degree m pre-Christian Greece and Rome, began 
to appear as Christian mstitutions Thus about the year 370, there was founded 
at Caesarea, by its then bishop, Basil, an immense institution of miscellaneous 
charity, mcludmg a hospital for the sick, and some thirty years later, at Con- 
stantmople, a hospital was one of many beneficences which the poor of the city 
owed to the brief and stormy archiepiscopate of Chrysostom In mmor com- 
mumties, endeavours of the same sort, though of course on a smaller scale, 
seem to have been general Instantiae lampadis they mdeed were, those early 
Christianities of action, and they assimilated practice to profession with a 
sincerity which made them worthy to live Agamst their continuance, however, 
or at least their contmuance in the full spirit of their founders, ^ere were 
obstacles m the nature of the case, and also in the curcumstances of the times 
The philanthropic ardour which Basil and Chrysostom had awakened was 
perhaps too impulsive to be equally persistent Often the foxmders of special 
chanties would have passed away, and successors like-mmded with them would 
not have risen Still more, as war spread from region to region, and city after 
city was whirlpooled m social strife, the urban orgamzattons of chanty penshed 
of mere manition, like the children of slain parents, or were shattered and 

Murray, Ixindon, 
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trampled under foot as savagely as the fences and gardens Meanwhile the 
monastic system had taken root m Europe and was beginning to represent 
m a somewhat changed way^ and for the most part m very changed local 
relations^ the previous more communal chanties From about the year 629, 
when the rebgious order of Benedict of Nursia^ with its great monastery at 
Monte Cassmo^ was estabhshedj and m proportion as the estabhshment of 
monastenes more or less after that pattern became general, first m Italy, and 
then m all parts of Western Europe, the monks, m those parts of Europe, were 
constant dispensers of help to the poor, and each monastery, besides bemg 
a centre of almsgiving to the poor of its neighbourhood, and a home of refuge 
to many a forlorn wayfarer, served also generally as a hospital for sick and 
wounded The Franciscan Order, from the time when it was estabhshed, 

gave a new impulse to the care of the poor m Europe, supplementmg m that 
respect most usefully the action of the monastenes of Benedictme rule The 
relations between the Franciscans and Benedictmes were habitually relations 
of much mutual disfavour, and often also on either side there would be rela- 
tions more or less invidious between brotherhoods following original rule, and 
brotherhoods purportmg to be of ‘‘reformed” type but the two sorts of orgam- 
zation were able to work side by side throughout Europe, and thus workmg, 
they together represented, for some centuries, a large proportion of the chanty 
on which the necessitous poor depended for rehef . The debt of modern 
times to the medieval Rehgious Orders is far more than a mere sentiment of 
sympathy with the populations which received good at their hands To say 
nothing of the obhgations which scholars of all sorts acknowledge to the Bene- 
dictme and Mendicant Orders m respect of the stores of learning which they 
transmitted and mcreased, or of new lights of knowledge and wisdom which 
came from them — ^to say nothmg of those presages of scientific spint which 
dawned among them, as for mstance, m the mmd of Roger Bacon — ^there are 
senses, purely medical, m which the philanthropy of the Aiiddle Ages has been 
a continuing good to mankmd The hospital system of modem Europe is 
raised upon that medieval foundation A large proportion of the noblest 
hospitals m Europe, giving help year after year to annual miUions of the poor, 
exist by umnterrupted descent from monastic charities, two smgle instances 
m our own metropohs, are St Thomas’s Hospital which is the Qontmuation 
of a monastic chanty of the thirteenth century, and St Ba^olomew’s 
Hospital which is of even earher monastic origm 


MEDIEVAL MEDICINE AND HORTICULTURE 

We shall see later (Chapter XIX) that the dose association between 
medicme and the systematic survey of plant life axismg fix>m somewhat 
superstitious behef m the healing benefits of herbal preparations was one 
of the most conspicuous formative influences m the progress of biological 
science from the sixteenth century onwards The influence of the monastenes 
IS universally recognized m histones of horticulture. The following quotation 
IS from Amherst’s History of Garderdng tn England. 

The earhest records of gardens on the Contment (after Roman tunes) date 
from the nmth century In the hst of Manors of the Abbey of Samt Germam 
des Pres, Samt Armand and Samt Remy, m the tune of Karl the Great mention 
is made of various gardens At other places, as at Corbie, in Picardy, and at 
St* Gall, near the lake of Constance, there remains more than a mere mention 
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of the e^stence of a garden At Corbie the garden was very iarge^ either divided 
into foxiTa or else four chstmct gardens^ and ploughs, which had to be con- 
tributed a n nually by certain tenants, were used to keep it in order, while other 
tenants had to send men from Apnl to October^ to assist the monks m weeding 
and plantmg At St Gall, the “hortus*" is a rectangular enclosure, with a 
central path leadmg from the gardener’s house and a shed for tools and seeds 
situated at one end, with mne long and narrow beds of equal size on either 
side The ‘‘herbularis,” or physic garden, is smaller, with a border of plants 
all round the wall, and four beds on either side of ^e central walk, and the 
plants contamed m each of these beds are carefully noted In England we have 
no such exact description of any garden, and it is only by carefully exammmg 
the records of the various monasteries that the existence of gardens or orchards 
m the eleventh and twelfth centuries, and a few of even earher date, can be 
proved A garden was a most essential adjimct to a monastery, as vegetables 
formed so large a proportion of the daily food of the inmates Therefore, as 
soon as monasteries were founded, gardens must have been made aroimd them, 
and these were probably almost die only gardens, woithy of the name, m the 
kmgdom at that time Still, the number of plants they contamed was very 
limited, and probably many of those grown on the Contment had not found 
their way mto this coimtry The monks may have received plants from abroad, 
as some connexion with rehgious houses on the Contment was kept up, and 
m brmgmg back treasures for their monasteries or churches the garden would 
not be forgotten But plants were chiefly brought for medicme, and we may 
infer that they were imported m a dry smte, as our word “drug” is simply part 
of the Anglo-Saxon verb “drigan,” to dry The earhest view of a monas- 

tery garden m this coimtry appears to be that m the plans or bird’s-eye views 
of the monastic buildmgs at Canterbury, made about 1165, and bound up 
with the Great Psalter of Eadwm, now preserved m the libtary of Trmity 
College, Cambridge These drawings seem to have been made (probably by the 
engmeer Wibert or his assistants) to record the system of waterworks and 
drainage of the monastery One of them shows the Herbarium which occupies 
half the space between the Dormitory and the Infirmary, surrounded by 
cloisters, the other the orchard and vmeyard which were situated beyond the 
walls The first plan records also trees withm the wall near the fish-pond, 
mcludmg what was afterwards known as the old convent garden, the site of 
which was obtamed m parcels between the years 1287 and 1368 In all 

coimtnes, heathen and Christian, and m all ages, flowers have played an im- 
portant part m ceremomes, such as funeral ntes and mamage feasts Englmd 
m the Middle Ages was no exception, and the use of flowers m the services 
of the Church, m crownmg the priests, wreathing candles, or adorning shrmes, 
was very general The gardens withm the monastery walls for providing these 
flowers were under the care of the Sacnstan At Abingdon, he paid the gar- 
dmanus four bushdls of com for the rent of his garden At Norwich, the 
Sacnstan seems to have had more than one garden, as a very cursory glance 
at the MS accounts of that ofiSce shows the names of both “St Alary’s” and 
the “green garden ” There was a “gardmum Saenstae” at Winchester as early 
as the nmth century, and to this day a piece of groimd on the east side of the 
north transept of the cathedral bears the name of “Paradise,” and marks the 
site of the Sacrist’s garden* The fifteenth-^century doorway, which was the 
entrance to the enclosure, is still standing* . * . Bede, wntmg early m the 
eighth century, says that Britain ^^excels for gram and trees • * * it also pro- 
duces vines m some places ” In the laws of Alfred, which were chiefly com- 
pilanons of existing ones, it was nonfled that anyone who ^^damaged the vine- 
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yard or field of another, should give compensation ” In their wanderings 
m the East during the Crusades, they may have rememberea some garden m 
England, and brought back plants foi it, as, for example, the splendid Oriental 
plane at Ribston, the planting of which tradiuon atiribures to uie Templars 
The surveys of the manors all ovei the kingdom belongmg to tnese Orders 
show the large number of gardens of which they were possessed , Castles 
were built on the tops of hills, or protection was sought by placmg the dwelling 
behmd some river or marsh, when no high ground or escarpments of steep 
rocks afforded a siutable defence This was the opposite course fiom that 



Fig, 382 — City Sanitation in Minoan Crete, c 1900 b c 

In the wonderful city of Knossos, with its great Palace of Mmos, excavated and 
restored by Sir Arthur Evans, circiilar walled pits of large stze, called kouloura, were 
constructed for the sanitary disposal of rubbish from the Palace area Barth was 
apparently used in layers to prevent effluvia, and a certain amount of surface water 
was drained into them These most efifecave pubhc rubbish dumps, arranged m Ime, 
were built m the M M II period (1900-1750 b c ) on the rums of houses of the previous 
Period 

CProm 5iM{^ Centunes of Health and Pkystck by S. G B Stubbs and E* W, Bhgh) 


pursued by the monks, who, as a rule, chose a fertile valley m which to place 
their doxster, and plant their orchards, gardens and vineyards There was no 
room for much garden withm the glacis of a feudal castle, and as it was not 
safe for any of the inmates to venture be3fO0d, it was scarcely worth while makmg 
any garden or orchard outside, merely to see it plundered by some turbulent 
neighbour. But, m spite of all these disadvantages some attempt at culdvation 
of £nut was not imfrequenijty made* 
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BnGIMTII^CS O? 4xMSTIiiniO:i£> 

The a^t ol gasa^iLn^^ wjsnch jacoed a hign ie'^el in the avilizations of 
MesopOL^ mia Jtnd 't ^ later date more e&pecial! 3 r ux Islaimc Persia^ 

uas fpr o.dcr th^n rionastic Chr stianity The rnipo-^tance of the monastery 
garden lies m me r’'ct i.t.c.1 it nrought mto one ana the same soaal conte'rt 
the ciiitiva-.iOD of foi use as food^ as omament and above all as ph5sic 

So also Jie practice of sanitation goes back to Cretan^ Assyrian and Egyptian 
cities, and attainea a High level of mechamcai contrivance m the Roman 
Empire In pre-CnrisUaii civilization it was peihaps moie a symbol of civic 
prosperity than a policy of public health So soon as large aties began to grow 
the need to ensure continuous supply of fresh v^ater for drmkmg purposes, 
to drain oif acctunulated rainfall and to dispose of refuse, was mescapable 
The urge to msire suitable provision in the form of aqueducts and sewers was 
primarily dictated by the sheer mechamcai mconvemence of domg without 
them To be su-c, there was the beginning of a system of pubhc health officers 
m Rome itself during the latter days of the Empire, as shown by the edicts of 
Valcutmiau about A D 370, oud by others of Valens In these edicts we already 
see the growmg influence of the Christian social ethic and the decline of an 
ideology which was the proper complement to the gladiatorial contest 

The associaaon of samtary provisions with a pubhc policy of health begms 
to take shape only when uiban hfe develops m northern climates Thence- 
forward there was a progressive recogmtion that msamtary conditions are 
propitious to the spread of contagious diseases and epidemics The foUowmg 
passage from Simon’s trearise describes the begmmngs of a samtary pohey m 
medieval England 

In 1357 a Royal Order, addressed to the Mayor and Sheriffs, tells how the 
King, Edward III, passmg along the river, had ‘‘beheld dung and laystalls 
and other filth accumulated m divers places in the said City upon the bank 
of the said river,” and had “also perceived the fumes and other abominable 
stenches arising therefrom from the corruption of which, if tolerated, great 
peril, as well to the persons dwellmg within the said city as to the nobles and 
others passmg along the nver, will it is feared arise unless mdeed some fitting 
remedy be speedily provided for the same” and the Order forbids the con- 
tinuance of practices as above, and requires proclamation to that effect to be 
made whereupon a new Order for the preservation of cleanlmess m the city 
IS proclaimed and part of it prescribes that “for savmg the body of the river, 
and preserving the quays . for lading and unlading, as also for avoidmg 
the filthmess that is increasmg m the river and upon the banks of the Thames, 
to the great abomination and damage of the people,” there shall henceforth 
no rubbish or filth be thrown or put mto the rivers of Thames and Flete, or 
into the Fosses aroimd the walls of the City, but all must be taken out of the 
City by carts In 1372, the King agam addresses the Mayor Sheriffs and 
Aldermen of the City complaining that “rushes, dung, refuse, and other filth 
and harmful things” • • * from City and suburbs are thrown into the water 
of Thames, so that the water aforesaid and the hjrthes thereof are so greatly 
obstructed, and the course of the said water so greatly narrowed^ that great 
ships are not able, as of old they were wont, any longer to come up to the same 
City, but are impeded therem” • and the wnt strictly enjoins immediate measures 
to amend this state of thmgs, and to prevent recurrence “so behaving yourselvtis. 




Fig 383 — Fubuc Hygiene in India before the Aryans 

A bnck-built dram, datmg from 3000 B*c, at Mohenjo-Daro, where an elaborate 
civilization, with Sumerian af^ities, has been disclosed This dram ran along a 
street and the drains firom the many well-built houses on the left were connected mto 
It Sir John Marshall notes that every street, alley-way and passage had its own covered 
condmts of finely chiselled bnck laid with great precision The whole drai^ge system 
was emremely well developed — Sir John Marshall, Director-General of Archaeology 
m India 

(From StxiylCentunes of Health and Pkystck by S G B Stubbs and E W* Bhgh) 


incur, 3 ^ou are m no wise to omit,*’ Witbm the first sue years of Richard II, the 
same policy appears m two cases; fihh (1379) was not during ramtime to be cast 
into the kennels im as to float away with the water* and (1388) rules are made 
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to preserve the water-course of the Walbrook Meanwhile^ hovvever, latrines, 
especially pubhc latrines, are again and again named as causmg nuisance In 
1346 (20th Edwaid III) is c royal ordinance in v»hicn accusations are alleged 
agamst citizens ana others smitcen witn the olemish of leprosy, that they 
pubhely dwell among, and publicly and pri-vatei^ communicate with the other 
citizens and sound perso^is, and m some cases actually enaea\our by sexual 
and other mtimate mtercourse ‘^to contaminate others with that abommable 
blemish, so that to their own wretched solace they may have the more tellows 
m suffering” and therefore proclamation is to oe maae that all the persons 
havmg such blemish must “withm fifteen aays betaine themsehes to places in 
the country, sohtary, and notabiv distant from the said city and suburbs and 
take up their dwelling there, seekmg their victuals through such soimd persons 
as may think proper to attend thereto, wheresoever they may deem it expedient ” 
And persons shall not permit lepers to dwell m their houses and buildmgs m 
the city or suburbs on pain of forfeiting their houses and builcLngs, and of other 
more grievous pumshment And diligent search, with skilled assistants, is forth- 
with to be made for lepers, m older to their immediate expulsion c5n a par- 
ucular occasion (1372) a leper, who tnough oftentimes commanded to go, has 
sdil been remaining m the city, is made to swear thc^t he will forthwith go and 
not return, on pain of pillory In 1375, the porters of the eight city gates, are 
severally sworn that they will not allow any leper to enter the city or to stay 
m it or Its suburbs, but if any seek to enter, will prohibit him, and if he perse- 
veres, will distram him by his horse (should he have any) and by his outer 
garment, the which shall not be given him back without leave of the Mayor, 
and, if he further endeavour, will attach him bodily and keep him m custody 
The porters are to have the pillory if they fail of this ordmance, and the respec- 
tive foremen of the Hackney and Southwark leperhouses arc sworn to aid in 
giving effect to it 

THE PLAGUE YEARS 

The policy developed as a safeguard against the spread of leprosy grew 
mto a more or less stable system of preventive measures m connexion v^ith 
the devastating epidemics which took a heavy toll from the town popu- 
lations. This consolidated the prestige of medicme in the period of rehgious 
Reformation, when the mfluence of the monastic orders was destroyed 
Simon tells us 

On several occasions durmg the years to which the Remembrancia relate 
there was prevalence of Plague in London, and whenever this was or threatened 
to be the case, the City authorities corresponded about it wath the Lords of 
the Council, and were directed by them what to do m the circumstances 
One severe invasion by plague was that of the years 1580-3 In 1580, the disease 
IS ragmg m Lisbon, and the Lord Mayor, on his application to Lord Treasurer 
Burghley, is authorized by him to take measures m concurrence with the 
ofificers of the port to prevent m regard of arrivals from Lisbon the lodging of 
merchants or manners m the City or suburbs, or the discharge of goods from 
ships until they have had some time for airing, and m the meantime to provide 
proper necessaries on board ships detained. . In 1684 *Tor the stay of 
infection in the City it had been thought good to restram the bunals 
m St. Paul’s Churchyard which had been so many, and by reason of former 
bunals so shallow, that scarcely any graves could be made without corpses 
being laid open Some parishes had turned their churchyards mto small tene*' 
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mentSa and had buned m St Paul’s Churchyard It haa been deterimned to 
restrain from bunal there all parishes having churchyaras of their ovvn 
The City desired the Counal to issue directions to the authorities of the 
Cathedial accordingly the order not being intended to prevent any person of 
honour or worship being buried there, but only the pestering of the Churchyard 
with whole parishes ” Then the O-siord Corporation writes to the Loid Mavor, 
with reference to the approaching Fndeswide Fair, to wnich it was castomary 
for Londoners to repair with their wares and merchandize, and from winch now 
the Lord Mayor is begged to restram all citizens in whose houses and families 
there was infection, or who had not obtamed his certificate With reference to 
assizes about to be held at Hertford, the Queen through the Lords cf the 
Council expressly commanded the same sort of care to be taken by the Loid 
Mayor In 1583, the infection havmg much mcreased, the Council pressed 
upon the City Her Majesty’s commands “that they shoidd see that all infected 
houses were shut up, and provision made to feed and mamtaia the sick persons 
therem, and for preventmg their gomg abroad, that all infected houses were 
marked, the streets thoroughly cleansed, and a sufficient number of discreet 
persons appointed to sec the same done They desired to express Her Majesty’s 
surprise that no house or hospital had been built without the City, m some 
remote place, to which the infected people might be removed, altliough other 
cities of less antiquity, fame, wealth, and reputation, had provided themselves 
with such places, whereby the hves of the inhabitants had been m all times of 
infection chiefly preserved ” The City authorities, soon after this communica- 
tion, informed Sir Francis Walsmgham that they have published orders which 
they mtend to execute with diligence, but that, m respect of certam mcon- 
vetuences — assemblies of people at pla 3 rs, bear-baiting, fencers, and profane 
spectacles at the Theatre and Curtam and other like places, to which great 
multitudes of the worst sort of people resorted, restramts m the City were 
useless, unless like orders were earned out m the places adjommg, and the Lord 
Alayor thereflire moves the Council to take steps m regard of that difficulty 
In connexion with a smaller outbreak which occurred m 1606-7, we find the 
Lord Mayor informing the Lords of the Council that the foUowmg traditional 
order had been passed “that every infected house should be warded and kept 
with two sufficient watchmen, suffering no persons to go more out of the said 
house, nor no searcher to go abroad without a red rod m their hand ” And a 
marshall and two assistants had been appomted to keep the beggars out of 
the city It appears that, during the epidemic of 1625, the Lords of the 

Council issued orders m restramt of the traffic of earners and higglers with 
London, and the Lord Mayor presses on the consideration of their Lordships 
that if, m consequence of these orders, the City should be restrained of victuals. 
It was to be feared it would not be m the power of himself, or the few magis- 
trates who remamed, to restram the violence hunger might enforce In 1529-31, 
Plague was again m ascendency In October 1629 precautions were to be taken 
against amvals from Holland and France, but at least six months before tins, 
the disease was already spreading m London, and the Lords of the Council 
advising about it They had issued a book of mstnictions* At first they had 
shut up the sick m their houses, but, on further deliberation, had thought 
It better the houses should be avoided and shut up, and the inmates sent to the 
pest-houses Referring to the poor Irish and other vagabond persons, pestermg 
all parts of the City, they advised steps to be taken to free the City and hberties 
from such persons : also to sec the streets kept sweet and clean, and the ditches 
m the suburbs withm the libemes thorou^y cleansed, and they command 
the Commissioners of Sewers and the Scavengers respectively to perform 
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tpcir duty Aisoj osmg informed that imnatrs and aie-nouses were m excessi\e 
ninnber, they recured that the lar oe enforcca against these excesses They 
reqtare tr»at iVected siioidd guards se. at the door^ and a red 

cross Oju Lo^d nave nicicy ui-'cn se on the acor^ tnar passers-by might 
ha\e rotice The^ rect me C Author ^*=*3 ano the J^suces of Aliddlese\ 
and SaiTCj to probjicit cind suppress ad rrectuigs and stage-pLys, oear-bamngSa 
tumbling^ lOpe-dancmg^ etc ^ m houaes^ and meetjags for pnze-fencmgj cock- 
fghtmg and bull-ioajtmg anc those m c^ose boivung-allcysa and ah other meet- 
ings whatsoever for pistime^ and all assemblies of the inbaoitaats of several 
counties at the common hails of London pietenaed for continuance of acqaaint- 
anccj and all tinordmor^ assenibhes of people at Oi. e.sexvhe’-e And 

HiS Mc*jesty ^ pmased Lunt the College of PhvsiCians should meet ara confer 
upon some ht ^ou^se for prevenung thf' infection At tne same ume, there 
oe ng muen increase of sicltnesg at Greenwach “aii fitting means*’ axe to be 
used “to stop ?nd ent oH all intercom se and passage of people between that 
to’^n and tae and ouc^uon anset of restricting elsewhere, as from 

Lendoa to Exeter, and from Cambridge to London, the passage of things and 
persons • a statement dated Decembei, on proceedings which had 
been taken m ^he City ^uidcr an order made some veeks previously by the 
Council, the I ord iVla^or reports, among other things these **that anaent 
women, reported to be both honeef and skdful,had been appomted for \isited 
houses, who appeared by certificate to have ciiefully discharged their duties, 
that irtfected houses had been suut up, the usual marks set upon them, and 
strict watches appomted co that none went abroad, that persons who had 
died of the infection were huned late ai night, that people who would have 
followed them had been sent away by threatemng and otherwise, and that very 
tew or none went with the bodies but those appointed for the purpose Some 
persons had been punished for rcmovmg the inscription set on infected houses, 
and others had been bound over to the sessions to be proceeded agamst accord- 
ing to justice *• . • In 1636, when there was agam much plague, the Lords of 

the Council ordered “the levymg of rates m Middlesex and Surrey for the 
erection of pest-houses and other places of abode for infected persons, also 
directing the Justices of the Peace for Middlesex to )om with the Lord Mayor 
and Aldermen m making additional orders, to be prmted, for preventing the 
mcrease of the infection, and authonzang them to make such further orders 
thereon as they should see fit, also directmg the Churchwardens, Overseers 
and Constables of every pansh to provide themselves with boo^ for their 
direcuons, and requirmg the Physicians of the City to renew the former book 
touchmg medicines gainst infection, and to add to and alter the same, and 
to cause it to be forthwith prmted ’• • . The Attorney General is to draw 

up a proclamation for the King to sign for puttmg oS Bartholomew Fair on 
account of the plague Last come a few entries relatmg to the terrible visitauon 
of 1663-5, and specially instructive as regards the steps which were now to be 
taken m the way of developmg Quarantine In October 1663, **the King had 
taken notice that the plague had broken out m some neighbourmg countnes, 
and desired to be informed what course had been taken and means used m like 
cases heretofore to prevent the conveying and spread of the mfecaon m the 
City*’, and the Lord Mayor, informed to this effect by a letter from the Lords 
of the Council, rephes that “he had found many directions and means used to 
obviate the spreading of the infection at home, but no remembrance of what 
course had been taken to prevent its importaaon from foreign parts* The 
plague of 1625 was brought from Holland. The Court of Aldermen advised 
that, after the custom of other countries, vessels coming from infected parts 
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should not be permitted to come nearer than Gravesend^ or such liKe distance 
where repositories^ after the manner of lazarettos, shoidd be appomted, mto 
which the ships might discharge their cargoes to be aired for forty days 
As Amsterdam and Hamburg were known to be already under visitation by 
the pestilence, the matter no doubt seemed piessmg, and so, neict day, this 
letter received its answer ‘‘the Kmg acknowledged and approved the Lord 
Mayor’s proposal, but recommended that the lazarettos should not be nearer 
than Tilbury Hope, and that all ships, Enghsh or foreign commg from infected 
ports, should be liable to be stopped and unloaded if necessary On the 

amv^ of any infected vessel a list should be made of all persons on board, and, 
if any should die, the body should be searched before castmg it overboard 
At the end of forty days, if the surgeons reported the vessel free from contagion 
— (all the apparel, goods, household stuff, bedding, etc , havmg been aired in 
the meantime on shore) — ^it should be allowed to make free commerce 
Orders, more or less to the effect of the above recommendations, were now 
issued by the Council, and a first Enghsh Quarantine was thus estabhshed It 
was not enfoiced during the wmter, as the pestilence was for that season 
lulled, but about Midsummer it was agam brought mto requisition On 
Jxme 27, 1664 (and this is the last commumcation which appears m the Remem- 
brancia on the present subject) the Lords of the Coimcil inform the Lord 
Mayor that “the plague had broken out m the States of the XJmted Provmces,” 
and they direct “steps to be taken to prevent the infecuon from bemg brought 
into this country, either by passengers or merchandize, and all ships to be 
placed m quarantme, accordmg to former orders, until the Farmers of the 
Customs gave their certificate ” Those endeavours to exclude by Qua r antme 
the contagion of the Plague were as meffectual as if their mtention had been 
to bar out the east wmd or the new moon, and, in the samtary records of the 
Metrojiohs, the year 1665 has its special mark as emphatically the year of 
the Great Plague Before the middle of the year, the disease was knovm to be 
spreadmg m London: where, as the season advanced, it became more and 
more prevalent, nil, in August and September, when the epidemic was at its 
height the deaths by it, withm the London Bills of Mortality, averaged m each 
week not fewer than six or seven thousand, and may perhaps once or twice 
have been as many as ten thousand within the week What may have been the 
total fatahty of the London Epidemic cannot be exactly known, but the esti- 
mate which Macaulay adopts is, that it swept away, m six months, more than 
a hundred thousand human bemgs The subsidence of that terrible epidemic 
contmued durmg the wmter and sprmg of 1665-6, nil the weekly deaths were 
fewer than fifty, but, as summer advanced, the infection agam began to spread, 
and the London world was fearmg what worse renewal of the pesttlence might 
yet come, when suddenly the most drasnc of samtary reformers appeared on 
the scene, and what had remamed of the Great Plague 3 nelded at once to the 
Great Disinfector • The opportunity which the circumstances afforded 
for the construction of a fitter city was to some considerable extent turned to 
account, but, in view of what improvement must cost, improvement was 
extensively stinted, and especially the pubhc grudged the large expenditure 
which alone could have brought uncrowdedness of butldmg Wren, after his 
survey of the rums had designed a scheme of reconstruction which would have 
made the new city a fitting nucleus for the metropolis of later times * would 
have made it of barmomous plan, with wide convement thoroughfares, with 
proper standmg-room for its chief buildings, with spacious public quays along 
the nver, and even with reasonable mterspaces of mere pleasure-ground, but 
the largeness of his proposal was beyond to contemporaries* 
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ORIGINS OF VITAL STiTISTICS 

Coincident with die piibiic of epidemics^ reached a climax 

m the Great Plague^, two significant occurrences wruch have not been men- 
tioned also merit comment One is die publication of the Bills of Mortality 
which represent the first recogmi-.on that the census of population should be 
concerned with health as Vveil as vvitn taxation and the mobiUzanon of mihtar> 
resources The other was the beginnings of Life hmirc?/tce These oore fruit 
m the noteworthy pamphlets of Graont and Petty and m die construction 
of the first life table for the c Jlculation of annuities m one of the earhest 
numbers of the Philosophical Tiansucuon^ oj the Royal Society ri 693 ) Halley’s 
Life Table is of dual mterest It signahzes the begmnmgs of practical 
encouragement for medical science m conformity with the mterests of 
the financier It also lUustiates the mtimate relation of scientific enquiry to 
contemporary social problems durmg me period when Enghsh science was 
at the highest level it attamed before it received a new impetus from the nse 
of chemical manufacture 


PREVENTIVE MEDICINE AND THE NEW HUMANHY 

The control of epidemic diseases gives us the first picture of a Govern- 
ment m conference with an oigamzation of scientific experts^, and mcidentaUy 
also of the arcumstances which led to the organization of expert knowledge 
as a soaal institution In the Middle Ages the teamed physician and surgeon 
was still a perqmsite of the rich The common people of England enjoyed the 
blessmgs of unrestricted private enterprise, until the Royal College of Sur- 
geons received its Charier from Henry VIII Thenceforth the barber’s 
operations were confined to the scalp 

Indeed, we may regard the foundation of the Royal Colleges of Physiaans 
and of Surgeons as the first step towards the formation of those academies 
and institutions which, like the English Royal Society chartered m the 
reign of Charles II, have made the pursuit of science m some measure a 
social institution with an mtemal momentum of its own This mtemal 
momentum of the scientific movement can easily be exaggerated, because, 
like other soaal mstitutions, it has an orgamc relation to its fellows The 
Enghsh Royal Soaety, and not less the French Academy, founded about 
the same tune were ^th formed by men who beheved that “the goods of 
mankind might be much mcreased by the naturalist’s insight mto trades”, 
and they both suffered a temporary edipse when their activiues became 
less closely related to hve contemporary issues. 

The process of conference between the executive and a permanent panel 
of experts, once begun, has contmued ever since Small-pox and cholera 
m turn became a pubhc menace suffiaent to compel legislation designed to 
ensure a national minimum of health The latter led to the appomtment of 
a Central Board of Health, and thereafter local government became m- 
creasmgly preoccupied with the maintenance of a national minimum The 
Act which mitiated this Board m England followed half a century after the 
Board of Agncultuxe was set up (1793) as a war-tune precaution for ensumig 
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food supplies Together they represent the first two important steps towards 
a rationally planned organization of the fiuitb of saentific knowledge Their 
CMStence signalizes an awakenmg pubhc recognition of our common social 
responsibihty to make available to all the benefits bestowed by sciciiufic 
knowledge 

The vigorous pubhc measures which were adopted to deal with smali-pos 
and Asiatic cholera m the first half of the mneteenth century comcided with 
important advances m knowledge of the ongms and treatment of epidemic 
diseases An inadent which occurred m the latter end of the eighteenth 
century forced on the adnumstrauon the need for pubhc health measures 
m a different context What Florence Nightmgale achieved m the middle of 
the mneteenth century is not more spectacular, if more familiar, than 
the work of phjrsioans and surgeons like Prmgle and James Lmd, who began 
the task of hygiemc reform m the fightmg services Lmd’s essay on the 
Health of Seamen is a landmark m medicme for several reasons 

Till the eighteenth century there had been httle classification of diseases 
as natural phenomena with characteristic mdividual features Nothing piccise 
was known about the circumstances which are responsible for the occuirence 
of the few diseases like ague, or as we now call it malana, then recognized 
. as distmct clmical entities This is not surprising when we consider the 
complexity of the problem m the hght of modem knowledge Liabihty to 
disease mvolves both the constitution of the mdividual and the environment 
to which the mdividual is exposed Generally speakmg it is not easy to decide 
which IS more important without elaborate methods of research However, 
there are two classes of diseases which betray their distmctive features to 
immediate mspecuon These are (a) regional diseases which are charactenstic 
of a locahty (e g. malana and syphilis, when it was apparently brought from 
tb^ New World and first descnlsed by Frascatonus m the sixteenth century), 
(fe) occupational diseases which are charactenstic of a pamcular mode of life 

The ailments of the mmer (see Chapter VIII) set the problem which 
led to the first real understandmg of respiration From everyday experi- 
ence of the world^s work biology received a second impetus m combat- 
mg the ravages of disease among sailors, when protracted voyages were first 
undertaken m latitudes where supphes of fresh vegetables m wmter were 
difficult to obtam Vasco da Gama lost 100 out of 100 men when he rounded 
the Cape m 1498, This death toll was a common occurrence of the Great 
Navigations It was mainly due to the disease called scurvy^ whose charac- 
tenstic symptoms are swellmg and bleedmg under the skm and elsewhere 
with growing weakness and pam In 1593, Hawkms cured a ship^s company of 
scurvy by makmg them all drink lemon juice 

At the time when Lmd^s essay was written, scurvy, says Simon, still used 
“to cnpple fleet after fleet.” The importance of Lmd’s essay does not he so 
much m the ongmahty of its contents as m the feet that it brought together 
the practical experience of enhghtened navigators, and proved influential m 
persuading others to benefit from the bitter lessons which practical expen- 
ence had taugjit. Notable among those who responded was Captain Cook 
In 1776, when the Royal Society avsarded the Copley Medal to Cook m 
honour of his paper on “The Mediod taken preserving the Health of the 
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Crevv of Kis ’t Sr^p tbs ?aso’_i^.or 5 ” tac presidept referred m 

mernoraf'e Tvcrds ro t’le si*c-c 'ca of Coo’'’s efio'-^s m 4.csponse to the lead n^hich 
Jar^eb "biaia nra s*/en- T.ic’ rpa]’ oe ooniar'cadec to Loose who think that 
an ’tl( jig JS gained aj e" 'Jens pui e saence to the aetriinen.. of its apphea- 
uons Tne lewa-d was 

to cro that j. totL u die yea * fa-'cn snoi*Iu conta’ii the aaost useful and 
mo.i. successfi_i e- petimc itai ^nquirv ]Sio>Vj v na* mou^rtr can oe so useful as 
that which hatn for ts ociect t.te sa'ang of tiie lives of men caa wnen shall we 
find one moie successful than tlat befoie us"* Here are no vain boastings of 
the empuic, nor ingenious and ac’asue theories ot the aogr-atistj but a con- 
c'scj an artless and an inrontestc i relation of tne means bj' which under the 
Divine Fa»roai Capidn Cook '\'>tn a comoany of 1 18 men performed a voyage 
of thxee yeats anc eignte^n days ihiOu.ghout all the Cinnates from 62® North 
to 71‘ South, v’lth the lost ol" onl"" one man by a disease 

Theieafter the Admjralfjr ordered a supply of lemons in all ships of the 
Bnush Navv, and scuivy disappeaied As Sunon remarks, “smee the days of 
Anson’s expedition” it “has become an almost forgotten disease ” The work 
of Pringle and Lind m drawing attention to what may be called the occu- 
pational diseases of the army and navy also helped to estabhsh the identity 
of a group of infectious conditions previously described separately as ship 
fever, hospital fever, and gaol fever They are now called typhusy a condition 
which is practically extmet m twentieth-century Bntam, though it was 
rampant m Tsanst Russia 

The soaal background of this important advance agam emphasizes the 
debt of biological saence to high valuanon of human life In Europe and m 
Amenca the half-century which preceded and that which followed the 
French Revolution witnessed a rapid and articulate growth of hu m a nit arian 
sentiment c nlminanng m the abohuon of slave owning throughout the 
Bntish possessions, a succession of reforms in the management of pnsons 
and the wholesale abohuon of capital pumshment for trivial acts against 
property In Bntam hanging was still meted out for over a hundred offences, 
^/- hiHing shoplifting and the felling of trees These refonns took place m 
the opemng years of the nineteenth century The exposure of Enghsh gaol 
TO Pd i tiona by Howard m the latter half of the eighteenth century revealed a 
festermg focus of physical, no less than moral, disease m the body pohtic 
He devoted years to the visitation of English pnsons, recording with meticu- 
lous saentific care the state of afiEairs which he observed 

Sunon says that when the author of the Winter's Jowmey received the 
fbanlrs of the Housc of Commons for these years of laborious study, public 
recogmtion of his services was no less an mstantia lampadts of preventive 
was the Copley award to Cook. Perhaps no fact bears more 
striking testimony to the influence of what Simon c alls the “new humanity” 
than the name of the WHter who first made a dear distinction between 
preomtvoe and curatwe medicme. History is daily justifying the optimism of 
Condorcet, as it is daily discrediting the theones of his cntic Malthus 
Having recogni^ the debt of medicme to the monastic orders, we shoold 
not overlook the fact that the new humanity was essentially part of the 
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social ethic of the French revolution Partly as such^ and partly by its asso- 
ciation with Nonconformist bodies At encoimtered the sohd opposition of 
the bishops* benches when the Romili> biUs to abohsh capital pumshment 
for trivial offences passed the Biitish House of Commons 

Growmg respect for the value of human hfe, revolt agamst the toleration 
ot unnecessary suffermg^ the extension of life insurance and the fear of 
epidemics bore firmt m one type of legislauon which exercised a decisive 
influence on diagnostic medicme The mortahty bills of the Stuart penod^ 
and the Annual Register of births and deaths begun m 1836 m England are 
milestones m a senes of pubhc provisions for the regular collection of medical 
statistics Similar provisions were made on the Contment Their effect was 
to place on the medical profession the responsibihty of givmg a precise 
descnpnon of the patient’s condition before death Vague general terms like 
plague or the vanous synon 3 mas by which one and the same disease like t 3 rphus 
was designated gave place to the systematic classification of disease The 
search for s ignif icant charactenstics by which disorders arising from one 
and the same source could be identified was mcorporated m pubhc pohcy 
Awakerung interest m pubhc statistics of health at the end of the seven- 
teenth century drew on other sources Thus Petty, who ranks with Graunt 
and Halley as one of the founders of vital statistics, collected mortahty 
figures for the leading French and Enghsh hospitals of his time The import- 
ance of such studies m stimulating medical research is suflBlaently illustrated 
by Petty’s conclusion as stated m his own words ‘Tf the proportion of 
those that died out of the L’Hotel de Dieu is double to those that died out 
of La Chante then it follows that half the said numbers did not 
die of natural necessity but by the evil admimstration of the hospitals ” 
Paradoxical though it may seem> the hospital has advanced preventive 
medicme till comparatively recent times almost as much by actmg as a focus 
for disease as by providmg opportumty for studying curative measures In the 
eighteenth century hospitals were a breeding ground for typhus (hospital 
fever), and m the nmeteenth century the matermty ward was still a breeding 
ground for puerperal fever Comparison of the records of different hospitals 
helped to direct attention to the circumstances which promote the occurrence 
of these conditions, and hence to the necessary measures to prevent their 
mcidence 


THE NEW ANATOMY 

The medical man of the Middle Ages — ^physician and algebraist — ^was a 
person versed m the science of his time He even had a smattenng of astro- 
nomy, because the influence of the planets on the organs of the body was 
still an article of faith Much of the genuine knowledge he possessed, such 
as his knowledge of herbs, was hardly more relevant to the success of his 
professional activities 

The few specifics like mercury compounds mtroduced for the treatment of 
syphilis early in the sixteenth century, the half a score purgatives, apenents, 
and antifebrile herbal preparattons making up the bulk of any genumely 
remedial treatment the ph^ctan had to offer, scarcely required a permanent 
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wntten record of medical lore If we ask m what sense medieval medicine 
was giiided by a corpus of knowledge sufficiently comprehensive to ment 
the name of science we must turn to the pracuce of sorgery Settmg fractures 
and staunchmg bleedmg from wounds call for some detailed knowledge of 
the skeleton and the blood system Along with this, general descriptions of 



Fig 384 — ^Woon-cuTS by Durlr (1471-1528) Illustrating the New Interest in 
rHE Technique of Accurate Represik^tation which went Hand in Hand with 

THE Revival of Anatomy 

(Albrecht DOrer, Unterweysung der Messung^ 1525 and 1538) 

the disposition of the various organs of the body had been undertaken fix>m 
the time of Hippocrates onwards* The most notable of the descriptive 
anatomists of the Roman world was Galen, who hved in the second century 
of the Christian era. What Ptolemy did for Alexandrian astronomy, Galen 
accomphshed for Alexandrian medicine Lake the Almagest, Galenas Anatomy 
became a textbook of Moorish sdenoe. From the Moorish centres of 
learning it was mtrodncod ipto the medieval medaoal schools 
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Two circximstances conspired to awaken interest m anatomy and to 
stimulate more careful study V^^ithout adequate illustrations the best treatise 
on anatomy is umntelLgible X^’^hen the pimtmg trade was able to issue boolts 
with competent illustrative matenalj it vvas mevitable that die accuracy of 
the texts would come under closer scrutiny Simulcaneously a new naturahstic 
motive m the world of art had taken roo. m Italy Some of the great masters 
of the Italian Renaissances like Leonardo da Vmci, were not less distmgmshed 
for their conuibulions to anatomy than for the works with which their names 
are customarily coupled It was now possible to distribute books smtably 
furnished with pictorial matter^ which bamshed futile disputes about the 
mterpretation of texts 

Italian art made anatomy a hve subject^ as the cmema might be used to 



Fig 385 — ^WooD-cuis by DOrtr to Illustrate thl “Canon of Proportion ” 
DDrer, like His Contemporary Leonardo da Vinci, had Used Dissection as 
AN Aid to the Naturalistic Portrayal of the Human Body He was Equally 
Successful in the Accurael Representation of Plants 

(Albrecht Diirer, Memchlichei Proportion^ 1528) 

make mathematics a hve subject if every school were equipped with a pro- 
jector The great descriptive treatise which marks the maturity of the study 
of surgical, as opposed to physiological, anatomy is the De Fabnca Humam 
Corports of Vesahus published m the same year (1543) as the De Revolu- 
ttombus of Copermeus and illustrated by a disaple of Titian The many topo- 
graphical errors of the Galemc texts were rectified, and a reliable map of the 
human body was now available for general use. 

Between the anatomy of Vesahus and that of the present day there is all 
the drSerence between an accurate outlme map with the several national areas 
distinguished and an atlas showing ocean currents, contours, rainfall, winds, 
exports and natural resouroes. With a few minor exceptions the bulk of any 
genume information contained in the De F<Artca about the work which the 
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several regions foigans) of me bodj do niu®! dcs_ av-iloble from the 
dawn of civiLzation Even the elementt^j facL fl-a. n:w,’scjlcir contraction 
mvolves change of scape r7i±Loi.H cau:ac,e of tOi-cce o" .jc rn._^clc vas 


AC D ' L. L 



Fig 380, — One of the Drawings Illustrating the Human Muscular System 
FROM THE FABtaCA OF VeSALIUS 


not demonstrated beJfore the work of Swammerdam (Fig 387) m the seven- 
teenth century Th3 reniained impubhshed iintil 1736 The respiratory organs 
were simply the channel through which the antma escaped. Beyond the fact 
that the unne £k>wed from the kidneys into the bladder nothing was known 
about excretion of unne. The regions of the alimentary canal or gut had 
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long since been named (Fig 388)^ and the large digestive glands (sahvary^ 
hver and pancreas) were distmgmshed With scarcely any chemical saence 
to gmde biology, the use of the digestive secretions was totally obscure 
As for the ductless glands about which so many important discoveries have 
been made m recent times, current behefs were entirely fantastic The name of 
the pituitary gland (p 1042) is derived from Galenas doctrme that it secretes 
the phlegm which is m re^ty produced by the mucous membrane of the 
nasal tract Even m the seventeenth century Descartes defended the doctrme 
that the soul (which had now been detached from the act of breathmg) was 
located m the pmeal gland 

The one respect m which Vesahus* knowledge of the wot king of the body 



When movement of limbs is produced by the contraction of a muscle, change ol 
shape IS not accompanied by any appreciable swellmg (i e volume change), as shown 
by the constant level of flmd (L) m an air-free vessel containmg a freshly exercised 
muscle and attached nerve which can be stimulated by an electric current In an 
analogous experiment first done by Swammerdam durmg the seventeenth century, a 
fine piece of silk pulled the nerve agamst a loop of wire to stimulate contraction 


was notably m advance of Galen is important, because his conclusions were 
based on actual experiments on the part which the nerves play m transmittmg 
messages to the muscles Recourse to experiment, havmg once begun, has con- 
tmued to receive fiesh impetus firom a succession of new discoveries m the 
science of materials and of power producuon and from the elaboration of 
mstruments which the older anatomy could not command 


THE CmCOIATION OB THE BLOOD 

Systematic study of how die body works began with the most elemen- 
tary problem 8i^;gested by surgical practice, i e hom bleeding occurs The 
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discover3f of the answer coincided v^itb otaei ad^?ances^ and discloses 
the impact of grow jag scientific interest m a pnrel}^ physical problem 
(Chapter VII5 p 36SJ The recognition that tne nean is a pump came when 
people began to regatd the pump as a device c" scientific mteresi 



Fig 388 — The Alimentary Canal^ its Associated Structures, and 
THE Lungs in Man 

In this, and ail similar, figures the organs are seen m ventral view (i e from the front, 
m man), so that the organs of the right side appear on the left of the diagram and 
vice versa As drawn, the liver is tucked under the stomach 


In the anatomy of Vesalius, as m that of his predecessors, the blood was 
supposed to ebb and flow forwards and backwards m the veins and artenes * 

* Galen had taught that the blood of the veins was made from the products of 
digestion m the hver* The liver was also entrusted with the task of charging it with 
natural spmt Bbbmg and flowing m the veins, it eventually reached the right side of 
the heart Here, impurities were supposed to be earned off by the pulmonary artery 
to the lungs, and it then ebbed back agam mto the veins But a small portion of it was 
held to pass through minute channels m the mtcr-vcntncular septum mto the left 
ventncle, where it mixed with air brought from the lungs by the puhnonaiy vesru 
Vital spmt, produced by this mixing of air and blood, was then distnbuted thrcnigh 
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The microscope had not yet made it poisiole to oce the blood flowmg through 
the mmute vessels called capillaries which peneurate all the tissues of the body 
Though Vesahus, who dissected the terminal twigs of the branching arteries 
and the finest tributanes of the venous system, expressed the suspicion that 
they might be one continuous channel, no direct evidence for this conclusion 
could be obtamed by dissection alone 

That the heart works as a pump, maintaining a contmuous flow from the 
thick-walled arteries through the capiUanes mto the veins and thence back 
agam, was suggested by a discovery which bears witness to the new temper 
of precise and patient observation followmg the dechne of mere logic and 
the authonty of the written word Fabnaus, a co-teacher with Galileo at 
Padua, when Harvey studied there, described the watch pocket valves of the 
veins (Fig 244) These valves are constructed so as to prevent blood from 
flowing away from the heart Similarly the valves which guard the orifices 
of the great arteries where they emerge from the heart prevent the blood from 
going back mto it 

The heart of a warm-blooded vertebrate (mammal or bird) consists of four 
chambers, two thm-walled auricles receivmg the mam vems, and below 
them (Fig 389) two thick-walled ventricles which give off the mam artenes 
The auncles are separated from the ventricles by valves which only let blood 
flow mto the latter The two sides of the heart are completely separated 
The only commumcations are between the nght auricle and nght ventricle — 
both of which contam dark blood of a purple hue — and between the left 
aunde and left ventricle — ^both of which contam bright scarlet blood Valves 
(Fig 389) prevent the blood from flowmg backwards from the ventncles 
mto the aundes The right ventricle only sends out the pulmonary artenes, 
which supply the lungs The nght aunde receives blood from the two large 
caval vems (venae cavae) mto which smaller vems pour blood from aU the 
organs of the body except the gut and the Ixmgs The left aunde receives 
blood ficom the lungs by the pulmonary veins, and the left ventnde gives off 
the great artery called the aoita, from which smaller artenes, like the caroud 
artenes of the neck, take blood to all parts of the body except the lungs 
By vanous classes of experiments mcludmg the exposure of the heart by 
cutting away the nbs and also the severance of vessels, Harvey obtamed direct 
proof that the blood flows in a contmuous circuit * Direct mspection of the 
heart shows that the auncles contract, squeezmg out blood into the dilated 

the ebb and flow of blood m the artenes Reaching the base of the brain, some of the 
vital spmt was elaborated into ammal spirit and ^is was supposed to be distributed 
through the nerves, which were thought to be hollow 

Vesalim had doubts about the emstence of pores m the mter-ventncular septum 
Servetus and Realdus Columbus had demonstrated the one-way traffic m the pul- 
monary circulation Harvey completed the picture by showing that what is true of the 
pulmonary circulauon is true of the rest of the blood stream 

* One of Harvey’s experiments is illustrated m Fig 245 and is easy to repeat 
It shows clearly the falsity of the Galemc doctrine that the blood ebbs and flows 
m the vems The arm is bandaged tightly and the vems beneath the skin become 
distended, the valves appearing as swellings m the course of the veins If now the blood 
IS pressed along a vem from the valve O to the pomi H, this part of the vein does not 
refifl from beyond the valve O The valve prevents the flow of blood away from the 
heart Nor can blood be pushed by the fm^ past a valve m a direction away from 
the heart 
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ventncics^ before tiie letter Dcg_-? tc czsiiT^^c^ ^ cZi^3 ozt Llccc mo the 
arteries ^^en an arteiy "s cutj Licedzns ontZ;; occ^rr on ire sxae connected 
vith me heart When a ^ein cll o 2 eed-rg ozJ'' ccc 3 ^ ' ne s dc a^^ay 



The smaller artenes coimected with the smaller vems by the fine network of capillaries 
penetrating all the tissues are collectively represented by six spongy masses Blood 
comes back from the head and armsa the tiunk and legs and from the hver by two 
mam vems which discharge mto the thm-walled nght auncle When this contracts, 
the blood is forced mto the nght ventncle, till the latter, bemg filled, is closed by the 
n^t aunculo-ventncular valve The contraction of the nght ventncle forces the blood 
mto the pulmonary artery from which it cannot flow back, because of the valves placed 
at Its base Replenished with oxygen m the lungs, the blood returns to the left auncle 
by the pulmonary vem It is then discharged mto the left ventncle, then by the mam 
artery or aorta to the organs of the body other than the lungs* The blood from the gut 
or alimentary canal does not flow back directly to the mam vem (post-caval or inferior 
vena cava) of the trunk It is collected by a large vein, the hepatic portal, which branches 
like an artery, dischargmg its blood through the capillary bed of the liver (see p* 798), 
so that all the blood-carrymg absorbed foo^tuff from the intestme has to pass through 
the hver before it gets mto the general circulation If you have any difificulty m remcm- 
bermg the nght and left onentationof the circulation the following mnemomc will help * 
UBB-Gl VIKG BLOO0 LEAVES LUNGS FOR LEFT AXJSXCLB^ KHDCJCED BLOOD HBCEIVSD BY BZQKT 
AURICLS BROM BBST OB BODY. 
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from the heart Thus the circuit appears to be so arranged that all the blood 
flows from the right ventricle to the limgs where it becomes bright red, 
thence to the left auricle, mto the left ventricle, and thence to the tissues of 
the body other than the lungs, returnmg finally mto the right auricle by the 
smaller veins which coalesce to form the venae cavae Harvey chnched the 
matter by a simple calculation His study of the action of the heart and the 
arrangement of its valves showed him that the blood could only pass through 
the heart m one direction If the left ventricle holds 2 oz and beats 72 tunes a 
mmute, it will pump to the body every hoiu 8,640 oz of blood, or more than 
three times the weight of a man Where, he asked, is all this blood to come 
from or go to^ Clearly it must come m some way from the vems, the same 
blood cuculatmg agam and agam 

In a different social context the mere recogmtion that the blood flows in 
a continuous cucmt might have attracted far less attention Indeed it is 
perhaps more remarkable that Harvey’s doctrme emerged at such a late date 
m the history of European medicme It appears to have been recognized 
by Chinese physicians at a very early date It is alleged that the Chmese had 
even attempted to estimate the rate of flow of the blood Tson-Tse m the 
sixth century b c. is said to have taught that 

the blood flows contmuously like the current of a nver or the sun and moon m 
their orbits. It may be compared to a cucle without beginmng or end The 
blood travels a distance of six inches m our respiration, makmg a complete 
cuculation of the body fifty times a day * 

What IS specially significant about Harvey’s discovery is that it happened 
when people were mterested m another class of problems which arose firom 
the same social baci^ound as the mechamcs of the pump Harvey’s dis- 
covery came when “the health and accidents of the miner” (pp 404 and 410) 
were beginnmg to duect attention to ventilation and the physiological 
problems of respiration Then agam, it immediately preceded the mtroduction 
of the simple microscope and of a new agricultural economy m Britain 
Duect observation of the missmg link which is not accessible to inspection 
of the naked eye came fifty years after Harvcy^s work, whm Malpighi and 
others used the microscope to reveal the capManes or finest vessels He 
saw blood flowmg through them m one duection, as is easy to do if we 
put the web of the frog’s foot under a low power magnification. 

One inference from Harvey’s experiments gave them ulterior importance 
m relation to new discoveries about the gaseous state The blood loses its 
bnght red colour m the mmute vessels which thread the tissues of the body 
as a whole and regains it m the capillaries of the lungs which, as Malpighi’s 
observations showed more clearly, are m dose contact with the au sucked 
into the lungs by the act of breathing In other words, the cuculation is 
arranged so as to ensure that all the blood which goes to the tissues is scarlet 
and all the blood which goes to the lungs is purple. The work of Hooke and 
Mayow showed (p. 413) that an animal dies unless its lungs are ventilaled 

* This passage is cited by Drs Benkov Kuan Chin Penn and Pei-Lung*tang (cf 
New YorkNauarh January 11, 1033). The wnter has not dhecked the source of the 
reference given. 
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>\ith fresn air, that this a’r is as neccssar], to the acuvitj of the body and the 
maintenance ox* the body heat as it is necessary to me continued burmng 
of a candle Lilte the latte-, the lungs replace ‘""mtro-aerial particles” (le 
oxygen) b 3 ^ air Thus the lungs are the organs m ^^hich the blood 

loses Its purple colour and gives up carbon dio'ude They aie also the organs 
where the blood gams its scarlet coiotnr and taites up 0^3 gen Slare, a 
contemporary of Mayov , diew the obvious mference verdied more con- 
clusively by Pnestley, who showed that scarlet blood shaken m a vacuum 
becomes purple and regams its ongmal hue, after further shakmg if air is 
readmitted 

So Harvey’s v^ork was immediately followed bv a new imderstandmg 
of the work the lungs do Subsequent advances m the stuay of respiration 
emphasize the stimidus derived from enquiry mto occupational diseases 
which excited no concern wiuie medical care remamed exclusively a luxury 
of the well-to-do After the work of Priestley there w’^as htde progress towards 
further knowledge of the way m which the work of the heart is related to the 
work of the lungs imtil the latter end of the nmetecnth century Several facts 
of social life then conspired to stimulate mterest m the nature of respiration 
The buildmg of submarme tunnels, like the London undergroimd system, 
and the use of divers m constructmg budges and laying telegraph cables 
exposed workers to new risks In addition the occupational dangers attendant 
to mimng increased as deeper shafts were made. 

Passages from Agncola’s sixteenth-century treatise dealmg with the safety 
and health of the mmer have already given us (pp 404 and 410) an important 
clue to the social background of such pioneer researches as those of Hooke and 
Mayow The same issue re-emerged with mcreasmg importance m the nine- 
teenth century when Davy’s mveniion of the safety lamp proved a successful 
safeguard against much avoidable loss of life In its closmg decade the seeds 
of a rationally planned economy based on real knowledge are begmnmg to 
germmate The Government took a hand m promotmg research mto coal- 
gas poisonmg m British mmes With new analytical techmque and mstru- 
ments which were not available m Priestley’s tune, J S Haldane began 
researches which have taught us much about coal-gas poisonmg and how to 
prevent it, and have also thrown hght on the disorder called anaemia Let us 
now look bnefly at some of these more modem discoveries m the trail which 
Harvey blazed. 


THE RESPIRATORY FUNCTION OF THE BLOOD 

The continuous supply of oxygen to the tissues by the pumping action 
of the heart depends on the fact that the blood of most active large animals 
contams a “respiratory pigment” In the blood of vertebrates (mammals, 
buds, reptiles, amphibia and fishes) and in that of many worms the respua- 
tory pigment is the purple-red haemoglobin which assumes a bnght scarlet 
hue when combmed with oxygen (osyhaemoglobm) That of many Crustacea 
(lobsters and crabs) and many molluscs (snails, cuttlefish) contams kaemo^ 
cyamn which is deep blue when exposed to au and completely colourless 
when shaken m a vacuum to remove the oxygen 

2c 
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Eotb pigiPents are piote rs wb-ch coniam, iri add 20 ^ c tns ciistoinaiy 
elements present m other proternSj a mccais j^od C)"' cuppv^r 

(haemocyamn) Their power of combining ^/iih raabes them 

able to give up oxygen m the capiilanes^ v hc’^e ie dissolved o ogen scarce, 
owmg to the fact that the tissues are using it up Then prcstnce on the blood 
enormously mcreases the amount of ox>gcn it can carry I! bus iOO cc 
of human bJood at room temperature lake up IS c c of oxygen from air 
at atmosphenc pressure But for the piesencc of hsemoglobia iz ^vould 
not take up more than ordinary water w^ith the same salts as Jjose dissoh ed 
in blood, 1 e about tlnee-quarters of a cuoic centimeue o^ oxygen 

Coal-gas poisonmg (cf p 170) depends on the fact tnre carbon moiuoxide 
combmes much more readily with Laemoglobm than does oxygen So a very 
small quantity of caibon monoxide will diive out oxygen from the Dlooa of 
red-blooded animals, formmg carboxyhaeooglobm which 10 tecogm^ed by 
Its spectrum and bright pmkish hue The pmk flush tvhicL the skm exhibits 
when a person is poisoned with coal gas depends oo the fact that the reduced 
haemoglobm of the blood in the capiUanes is more or less complc cly repheed 
by carboxyhaemoglobm The complexity of the piotem fraction Landed to an 
iron compound m the molecule of haemoglobm is different m different speaes, 
and the haemoglobms of different speaes are not precisely identical Some 
have much greater aflSmty for carbon monoxide ihan others Some combine 
with oxygen more readily than others Hence some speaes are much more 
susceptible to coal-gas poisonmg or much more sensitive to oxygen deflaency 
than others 

The ease with which carbon monoxide combmes with haemoglobin is 
shown by the fact that blood is fully saturated (about 16 c c of CO per 
100 c c of blood), if shaken up with a mixture of 0 5 per cent of the gas and 
99 5 per cent mtrogen It takes at least 16 per cent of oxygen (mixed with 
86 per cent mtrogen) to convert all the haemoglobm mto oxyhacmoglobm 
Air normally contams 21 per cent oxygen If as little as 1 part m 3,000 of 
carbon monoxide is present about 30 per cent of the haemoglobm m the 
blood of a person who breathes it is convexted mto carboxyhaemoglobm 
Beyond this pomt dizzmess supervenes If the air contams 1 part m 250 of 
carbon monoxide more than 75 per cent of the haemoglobm is put out of 
action, and death then results In a well-ventilatcd room an ordinary gas 
leak would not raise the percentage of carbon monoxide above this level, and 
would rarely be fatal The appropriate treatment is a simple appheauon of 
the known facts about the chemical behaviour of haemoglobm Smee coal-gas 
poisonmg m mmes (or carbon monoxide poisonmg m garages) is due to the 
fact that a very small quantity of carbon monoxide can compete successfully 
with the normal concentration of oxygen, the thing to do is to macase the 
proportion of oxygen taken m, by mafcmg the patient breathe pure oxygen, 
which gradually displaces the carbon monoxide from combmation with 
haemoglobm. 

Another occupational condition which depends on the gas-canymg 
capaaty of the blood is Catsson disease This is of importance m connexion 
with divmg, submarine woik and mafcmg deep tunnels It can be product 
expexament^y by putting animals m m chamber under high atmosphenc 
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IT Ltie c-e3c^c; "s -u.c.acj:i_7 is kJie same as re- 

Lhe c, sccl^-^ bjpho-ji T'2;= cjzr^i frui-ogeii and 

d-Sboiv^d -iZi t>-c^ J i^iCei uie ^^^2 Out Oi solution 

wXS 1 l 5 2 O ww X- .k. o ii JL-^i 1^ 2:^22,22^ ^r v-ii Isrz^s If they 

coLecC jci uiie uiear.^ ^.Lie :: 5 uODi.es bto j l^c; C2.c^il.02l "zjl. results 
The ' -ccLuH^ S ct-jiL eLvc^ 2. c jreci hj rw.t 11^ tne ^ancs^.be^c pressure 
clE the gases are ucdissoLec If dee pressure 13 Jiec: ecri? sicn::; ioverea to 
the normal leve" die eacess ol gascs escapes from die i-uigs rvo^JiCw: I<j*.aiing 
buObies In usm^ Jie *‘'diMng il i« cbeiefoie aoipo-Lani iO 2 eT;e* jne 
piessuie verjy 'inen ccming ic tae seirlaoe 

While progress in the stL*dy of veop^anon ljc.s oesn ^Orgeij a^e to the 
impetus dcii.vea fLcm tiie stud^ j>f occupuUonai cLLsei.ses^ aavancmg know- 
ledge abo Jl other aspects of the curcuLc-tic^ iliw.strcites the debt of medicme 
to the mechanical sciences enu to new pm sicol apparatus which they ha\ e 
made available foi geneicd use The pompmg mechanism of the circulation 
ensures a supply of fooa ^^ell iis of ox^’^gen to ail parts of the body The 
need tor o'lygeu TuuJee ire ueed for food, coatmi ous This is shown the 
fact that It takes ^eiy little dine to die ot suXTocatioii ana a very long v.lnle 
to die of starvation Hibei.n?aug animals^ like the aoroouse ci baic, may go 
for months without food Hence carrying o?ygen to me ussues is much the 
most impoitanl thing about the woik the heart does 

This IS illustiated m a strikmg way by the fact that the heart of insects, 
tnough built on the s«»*nc plan as that of their nearest alhes, shrimps, crabs, 
spiders, scorpions, etc , is extremely degenerate, and generally useless The 
reason why insects can get along quite well without a functional circulation 
IS that a senes of pores on either side of the body lead mto a branchmg 
system of fine tubes with spiral thickemngs, first desenbed by one of the 
earhest microscopists, Malpighi These tubes, called tracheae (Fig 441 b), 
penetrate to the innermost tissues, so that oxygen can diffuse mto the deepest 
regions of the body without the mtervention of a blood stream Apparently 
the diffusion of foodstuffs through the fluids m the cavities which penetrate 
the tissues meets all the workmg requirements of the animal 

The food requirements of the animal body will be discussed later The 
blood IS important m other respects It cames the cheimcal telegrams of the 
body called hormones (Chapter XXII) It is also concerned with resistance 
to disease and with heat regulation m warm-blooded animals The problem 
of heat regulation has been the subject of research, ever smee Harvey^s 
work, which comcided with the mvention of the thermometer From time 
immemorial excessive warmth of the skm has been recognized as a general 
characteristic of fever, or as we should now say diseases due to micro- 
organisms. The clmical use of the thermometer made it possible to diagnose 
the onset of fever by a more delicate test. 

THE BLOOD FLOW 

The way m which the body temperature of a mammal such as the human 
speaes IS maintained at fairly constant temperature (about 98® F. or 37° C. 
in a healthy adult human being) depends on the &ct that the arteries and 
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veins have a muscular coat by which the width of the channel can be mcreased 
or dimmished The finest vessels or capillaries^ which form a network m the 
tissues connectmg the terminal branches of the artenes with the finest 
tributaries of the veins, are also contractile As explamed on p 601 , the drop 
of pressure between the large artenes and the vems depends on the bore of 
the finest vessels (artenoles and capillanes) This was one of the discovenes 
made when scientific mterest m the pump was directmg enquiry into the 
charactenstLCS of fluid pressure and flow 

Stephen Hales, the English physician, whose work on coal gas has been 
mentioned (p 418), made the first pressure-gauge measurements on artenes 
and vems m the early years of the eighteenth century The study of pressure 
vananons did not progress till the compound microscope revealed the muscle 
fibres of the finer artenes If a pressure gauge is connected with a cut artery, 
the end of which is chpped while the connexion is made, a high pressure 
will m general signify that the finer blood vessels are constneted, and a low 
blood pressure m general signify that they are dilated Smee a fluid 
commumcates pressure m all directions, the blood pressure of a human bemg 
can be taken, as is often done at a medical overhaul, by finding the mcrease 
of atmosphenc pressure necessary to squeeze the large vessels flat so that no 
pulse is felt (Fig 390a) An unusually high blood pressure is a premomtory 
sign of apoplexy 

The amount of blood flowing through an organ vanes How it vanes can 
be studied by recordmg carefully the blood pressure, the heart rate and the 
total volume of the organ tmder vanous conditions The volume of an organ 
can be recorded by closmg it with a rubber bag and notmg the air pressure 
m the bag (Fig 390b) To some extent the blood flowing through an organ 
is adjusted to the oxygen requirements of the moment Other thmgs bemg 
equal, the rate at which a tissue can take up oxygen depends upon the amount 
of blood which flows through it m umt time Now the flow of a hquid through 
a tube of uniform bore depends upon the force propelhng it, the len^ 
traversed and the sectional area of the tube Only the first and the last of 
these need be considered m coimexion with the circulation smee the length 
of tube traversed is approximately constant m the blood vessels. As the activity 
of the heart is an mtermittent quantity, the average force of the heart-beat 
depends partly on the frequency of the beat, or pulse rate, and partly on the 
amphtude or strength of the mdividual beats Heart muscle reacts to stretch- 
mg by mcreased frequency and amphtude of beat, so that any mcrease m 
the resistance of the finer blood vessels calls forth more powerful action on 
the part of the pumpmg organ 

The heart beat is also regulated by two sets of nerves, branches of the 
sympathetic system (p. 1025) and of the vagus respectively. The former dis- 
charge impulses tendmg to augment and the latter to inhibit the heart beat 
The mcreased pulse rate following excitement or excessive exercise is due to 
the action of the former The variations of heart rhythm that are thus possible 
affect only the circulation as a whole. Changes in the blood supply of single 
organs are possible on account of the &ct that both the artenes and the veins, 
like the mtestme, have walls with a double coat of plam muscle, one coat with 
the fibres arranged ordewise and one with the fibres arranged lengthwise 
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The extent of conti-action of these muscle fibres is imder nervous control, 
and any change in the exLcnr of contraction of the muscular walls of the 
blood vessels means Jiat the diameter of theix bore is mcreased or 
dimonshed 

The capillai^es ha\e no muscle fibres in their walls, '^mch are formed of a 
smgle loyQT of cells The latter possess a measure of coniracunty Blushmg 
results from duation of the smaller arteries and capiJaries of me skm of the 
face, and the flushmg of the skm after vigorous eseicise gels no of the surplus 
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Fig 390 — (a) Measuring the Arterial Blood Pressure in Man 
(6) Measuring the Volujvie Changes of a Limb 

heat produced Loss of heat from the surface of the body, when exposed to 
cold, IS reduced by constriction of the blood vessels of the skm, hence the 
whitemng of the surface after bathmg m very cold water Sometimes the 
capiUanes remain dilated while the smaller artenes are almost completely 
closed up When this occurs, stagnant pools of blood occur m the capillary 
network and as their oxygen is used up the blood itself becomes completely 
reduced This is what happens when the tips of the fingers become blue on 
a cold day. 
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The blood of most animals is never warmei ian me atmospheie, ana they 
cannot withstand either great cold or waimth at wmch buds and 
can easily hve Oxu blood is kept at a constan- tempcratu-e (aboat S7° C ) 
m ordinary circumstances 'When t^e are espooed to a varmci tempexa- 
ture or produce excessive heat by muscular activi^'s secretion of s ivcat taxes 
place The evaporation of sweat Cram the surface of the oody absorbs heat, 
and so keeps the surface cool Shivering xS also a means of regiu^ting body 
heat 'We have lately learned more man we used to losow about it owmg to 
promouon of low-tempeiature researcdi m connexion with cold-storage 
problems The skm has nerve endings whxch aj.e sensiave to erurreme co'd 
When the surface temperature is lowered unduly, they ixanomit icessageo 
which produce muscular twitchmg Early m the history of the anima* noi^lune. 
Lavoisier’s e\penments showed (p 596) that musdcs produce mo^e heat 
when active So the effect of shiveimg is to raise the body lempeiature, and 
hence compensate die loss of heat at the surface 


THB MAKRUGE OF SURGERT AMD HUSBAMDRIT 

The expemnental method on which Harvey’s researches were bc^ed began 
a new tradition, which was earned on by leaders of the surgical profession 
like John Hunter duxmg the seventeenth and eighteenth centuries Gradually 
the work done by the pimapal ox^ns of the body began to be understood, 
and a new horizon of curative treatment unfolded. Guided by *> body of 
theoretical knowledge based on experimental evid<*nce, suigical practice was 
leammg what organs are essential to the mamtenance o^ life, m what cucum- 
stances theu work could be performed by other organs or by mechanical 
aids, and what effects their removal would exerase on the general health of 
the patient One dung which distinguishes modem surgery ffom the piactice 
of antiqmty is that the modem surgeon can recognize with greater conhdence 
whether harmful results will ensue after remov^ of a diseased organ which 
might otherwise infect the whole body, leading to death ox chrome illness 

The story of how this knowledge grew will emerge m subsequent chapters 
The tempo of progress smee Harv^s time depends on the comadence of 
many influences Growing knowledge of chemistry, heat and electnaty m 
relation to social needs and social orcumstances which have been discussed 
m earher chapters supphed new dues, and the contmual mvention of new 
instruments which emerged as a by-product of advancmg knowledge m man’s 
conquest of materials and of power agam and agam put powerful instruments 
of research m the hands of the medical profession Meanwhile other aspects 
of man’s soaal life biou^t pressure to bear on the search for deeper insight 
mto the bdiaviour of hvmg matter 

Mete pressure of population m notthem Europe was a feature common 
to the extension of mining and agricultuxe. The exhaustion of fuel supphes 
gave a deasive impetus to coal production Exhaustion of available space for 
extensive ffinxung of the type which had lar^y supplanted the more orderly 
mtensive practice of the latex Roman Empire may have oontnbuted to the 
swift imi»oveineo.ts m which English agricnltunsts played a leading part 
The seventeenth and eighteoath centuries witnessed a host of innovations 



— ^ - cj* ^L — ^ ullage^ manu^mg^ dnll 

sov‘^a-^g^ **j:j*o> c c.^z. czz.^ z ^c-c, IT.^”' L-i-.taiii ubsured her 

>_ c r^:? e' in _c eng^a-n. ±.^t the 

Ca-^dc c "-C ---u c Jiijf Jid ''t- da.5 Tr^ c^ua^sion 

of pCflLl ^ "-i w^ ^ -.ua ^/vI^w 'b ^ _'c inCuSwlial 

Re ’’o^yi— 4 jL- cl ^ g^ rd ic-c -cj^o^og" 'rere 

£!!ij.ad^ I^O&i.jj.U'Zi* lO'y ^ jLa. AkOv '—..L 

It ^s proAO«m.u e^LGi -G clr^i •l.^s — c.'^ n-ie^c ei ^ Ca— oec?:^^e^ 

dS ^ u * enio^.L -*L u oiog^c-ji ^cn(^^CL±jL.z,oiiC nac cGtcreci in^o die G.k4*cl2ce 
of I’diuiuig .aL gcc "j'£i*i- ^eGkLe ''e i-AagL-. bay ejiaL ixt..e vab .ic cc^iCa ce of 
meci^^iAA c oeic-.c i'g^LCt.-. Ca ^eA.of‘e Sdet^i- gton oi locdwi. 2 Hopluis 
esseiia^iiy ulvC Iil ljc s.Luaaao v Lb ine c c—slec «wiObe coatacL Letw^ea 
leaders of bLie.’ca tcik,. p-v/GJ.Uitt;..b o- uLe ne piactict In an aracle 
on ibe biibjcv ^larskwii fAZtC? ^ do^A il^ I029J puts the ^s^ue tery 

cieaii^, Refeii-jL-e Lae ““JSivjmGljCiig aunt^LieLa*^ v.iahty of ^he century and 
*.* half fci?ov<*'jng deit^iako-n^ Le ^ec 

T:iij ViiLur appeal b to hove hccn niAaiie^ted la two btustc rooad 1660 
aixO i7«> ividi 3oin,:ming of ? lapse m between II v -'s m the highest aegree 
mveniive and ptacticaij and re\ealfe a close alhance befveen pme science 
and techmwai economic progiess Tins was not a aarh age starred by t^o or 
thicc prophets of v^hoin it \»’ 06 . u*i.v rtny In so i.ar as it wac m our particular 
SDhere unrecponbi\ it had e^cai-e The pictuie of the faimer obstniacely 
siiUtung his eais to the unammuat voice of the experts false The experts 
diiTeied, and \Mostled over tlieir differences ” 

Though two centuries elapsed before advancing knowledge could dispel 
man> of the diiferences, the practice of agnculture was now ceasing to be 
regulated by oicJ tiadition alone It was acquiring a hterature, and a hterature 
— unlike rhe Georgies — ^with its own language^ its own method and that hve 
mquisiPveness which is the offspimg of acquisitiveness in the best sense of 
the word It was also shakmg oft painfuUy the Anstotelian tradition^ as 
chemistry and astronomy had done 

What the monastery physic garden began, the learned academies which 
followed the growth of an organized secular: profession of medicme completed 
In England the emergence of the Invisible College (see p 552) happened 
when capitalist farm i ng was seekmg to exploit new practices Husbandry no 
less than naf^iganon and mining was infected with what Qark has called the 
“adventurous hopefulness” of the tunes In 1665 the English Royal Society 
issued the prolegomena of a saentificaUy planned economy of food produc- 
tion Twenty-six “Heads of Enquiries” were prmted that they might be 
“the more umversaliy known” and that persons skilful m husbandry 
might be “publickly mvited to impart their knowledge herem for the 
common benefit of the country ” The topics included “the several lands 
of the soyls of England” (sandy, gravelly, stony, dayie, chalky, light 
mould, heathy, mansh, boggy, fenny and cold weeping ground), when 
each was “employed for arable”; “what peculiar preparations are made 
use of to these soyls for each kmd of gram, with w!^t kmd of manure 
th^ are pr^ared, when, how and m what quantity the manure is laid on”. 
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“what kinds of ploughs are used”, “the kinds of gram or seed usual in 
England”, “how each of these is prepared for sowing,” “there bemg many 
sorts of wheat and so of oats which of these grow m your coimty 

and m what soyl, and which of them thrive best there ”, “how they 
differ m goodness”, “what kmds of gram are most proper to succeed theie”, 
“some of the common acadents and diseases befallmg com m the growth 
of It, bemg blastmg, mildew, smut, what are conceived to be the causes thereof 
and what the remedies”, “annoyances the growmg com is subjeaed to, as 
weeds, worms, flies, birds, mice, moles, etc , how they are lemedied”, 
“waies of preservmg the several sorts of grain”, “how the above mentioned 
sorts of soyl are prepared when they are used for Pasture or Meadow”, “the 
common anno yance of these pasture and meadow grounds ” 

Such are samples of the questions The rephes to them were placed after 
discussion m the archives of the Soaety They have been lately rescued by 
Lennard, who anal]rses them m an article m the Ecomnac History Rsvteio 
(vol IV, 1932) Here dehberately and systematically organized science takes 
stock of the common expenence of martod to formulate problems lor which 
precise solutions are now available Truly “a brave attempt to hnk up book 
loaming and saentific research with the expenence of practical farmers,” as 
Lennard says We may go &rther and say that it is the first vision of a ration- 
ally planned ecology of mankind 

In a recent essay ostensibly composed to divulge the “Nature and Sigm- 
ficance of Economic Saence” Professor Robbins justifies his scorn for 
e conomis ts who pursue reahsGc studies m preference to the so-called analytical 
method by assertmg that they have not as yet produced a smgle comprehensive 
generalization The eighteenth century is httered vnth the wreckage of com- 
prehensive generahzations with which the protagomsts of the phlogiston 
doctnne, preformationism, vulcanism and a host of mmor exploits m elegant 
deduction from sdf-evident pnnciples obstructed the steady and piecemeal 
advance toward the solution of problems clearly conceived by the founders 
of Bntish empmasm m their relation to vital social needs If the study 
of human soaety ever comes to occupy the prestige and to enjoy the con- 
fidence which the natural saences have nghtly estabhshed, it also must 
start with heads of enqmries rooted m the common experience of practtcal 
afi&irs, proceeding by pauent examination of mnumerable faas m the 
assurance of Francis Bacon that “the roads to human power and to human 
knowledge he dose together, and are nearly the same, nevertheless on account 
of the permaous and mveterate habit of dweUmg on abstractions it is safer 
to begm and raise the saences from those foundations which have relation 
to practice and let the active part be as the seal which prmts and determines 
the contemplative coimterpart ” 
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REPLENISHING THE EARTH 

The social backgioimd of biological fcaowleage presents a tar more tntnrjt p 
problem than that of astronomy, chemistry, or the \2nojs Dranches of 
experimental physics Conspicuous contributions of oigamzed biological 
knowledge to man’s soaal hfe are of comparatively recent date Its most si gnal 
achievements are hardly more than a quarter of a century old If ’ne plan the 
apphcation of resources which aie now emergmg, tney maj^ *eii seem to be 
tr ifling compared with developments which are now taking place, especially 
m the realm of agriculture After the first outbiirst of primitive biotechnology 
which arose to meet the needs of a localized self-sufficient economy, no 
important advances occurred From about 2000 b c tiU the middle of the 
sixteenth century of our own era, agnculture remamed untouched by the 
growth of theoretical knowledge. 

Medicme ranks with astronomy as the oldest learned profession, and it has 
perhaps a more contmuous history as such In two ways this fact has affected 
the comparatively steady growth of biological knowledge m the absence of 
any other soaal requirement which biological enquiry of one kmd or another 
has gratified Some departments of biological knowledge which seem to be 
totally unrelated to medicme, as we know it today, were ongmally part of 
the trainmg of a medical man, and were pursued with painstakmg care sus- 
tamed by hopes which proved to be illusory m the long run Thus the smdy 
of botany was encouraged by exaggerated, and sometimes fantastic, behefs 
about the curative powers of herbs If m one sense botany led the physiaan 
up the garden, it is also true that the trail was not abandoned till knowledge 
of plant physiology and breedmg had already shown promise of yieldmg 
results of equal importance to the horticulturist and to the farmer Organiza- 
tions for promotmg saentific horticulture and saentific agriculture were 
already m bemg before pure chemicals bamshed herbs from the pharma- 
copoeia. 

The existence of medicme as an mdependent social institution also guaran- 
teed the presence of a body of men ready to esploit whatever relevant know- 
ledge emerged ftom a new impetus to discovoy m other fidds If a Hooke or 
Black appeared m the domam of physics or chemistry, there was always a 
Mayow or a Crawfiard on the spot Aside from the mdirect impact of new 
social needs through the influence of theoretical discovenes which have arisen 
as a by-product, the medical profession has contmuaUy benefited from the 
invention of firesh instruments of practice and thoreby of research Today 
the maker of saentific instruments keeps a watchful eye on the ph 3 rsiaan as 
a madcet for his wares. It would probably be true to say that this is no new 
thing, though the rapidity with which seventeenth-century medicme found 
a dinical use for new instruments like the thermometer was chiefly due to 
the dose contact of the medical colleges with the newer scientific academies 
of Italy, England, and France 
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Both the practice of medicine and ncvv theoretical knon ledge have con- 
tmuahy benefited m this way In the past few d^^cacies it is sufficient to 
recall the introduction of X-ray diagnosis into surgery or the new insight 
into sensory phenomena through the use of the amplify mg valve Betw^een 
Harve>*s treatise and the middle of the nmeteenth century, improvemeits 
m the construction of a smgle mstrument pxovided the means which con- 
tnbuted to outstanding biological progress Clear and definite information 
conceinmg the nature of reproduction m animals and plants, the disccvery 
of micro-orgamsms, and a close-up view of tne material basis of inheritance 
were discoveries which paved the way for almost e^ery subsequent and con- 
temporaneous advance of biological knowledge All thiee weie the direct 
result of the construction of the microscope 

The story of an advance which was so spectacular in its first stages lecoids 
delays due to the imperfections of the earhest mstruments The oiigmal 
mvention was a side-lme of the spectacle mdustry, doubtless fostered by the 
unkty of the telescope m navigation and its sister science astronomy A 
second outburst of biological discoveries followed the production of high- 
power magnification m the fiirst few decades of the nineteenth century It is 
not an acadent that the first successful observations on the annual parallav 
of a fixed star^ the announcement of the Doppler prmciple and rapid progress 
m the study of optical mterference took place m the same decade (1830- 
1840) as a plethora of new biological discovenes, which mclude the cell 
doctrine, the penetration of the pollen tube mto the ovule and the recogmtion 
of the mammalian ovum Improvement in the design of micioscope and 
telescope have gone hand m hand, and biological research has benefited 
fh>m the social demand for the latter. 

The mvention of the compound microscope at the beginning of the seven- 
teenth century and its equipment with achromatic lenses early m the nine- 
teenth century respectively comcided wuth new phases m man’s conquest 
of the sod Durmg the seventeenth century an agncultural innovation which 
had very profound consequences was spreading firom the Low Countries into 
England There the first fruits of the new imcroscopical knowledge were 
attractmg the keenest attention m the newly founded Royal Society, which 
pubhshed commumcations from some of the most distmguished of the conu- 
nental microscopists, notably the Dutch merchant van Leeuwenhoek With 
reference to the oiigms of crop rotation. Gras (History of Agriculture^ p 182) 
writes 

The history of such a system is hard to write Here and there the saentific 
rotation has come to the fi:ont, as the culmination of experiment, trial and 
error, the experience of cultivators, and the research and theonzmg of agri- 
cultural students and writers It arose m ancient China on large estates, perhaps 
m medieval Liombardy and Tuscany, m parts of Spam, northern France, and 
Switzerland, in the Rhineland, and notably m Flanders smee the fifteenth ot 
sixteenth century Not far from towns and m districts with a dense population, 
the saentific rotation, or something like it, first developed The scientific 
rotation system that has meant most for the modem world, the model for 
western Europe and America, was developed m England. Just as the Romans 
borrowed much agncultural lore £com the Carthagmtans, and the Spamards 



Rcple/iishtng Ike Earth 8ii 

from the Moors^ so dio dcie HngT.sh gel Trom the Fieramgs the two new essential 
ngrediemis ot the^i scieauSc rot-iUoiij closer znd txam-ps The best known 
vsurietv of the sciexUi^c "oiacion Cind also proDaoiy tns. o-^deist lo England^ is the 
Norfolk roiatTon of cio/er^ wneatj camipb ana ac^ciopea m the eastern 

county of Norfolk and at Lnc end of me e'^gh^eenajL cenaiiai^ zns.de fairous in 
Europe ana A^nieixca by Aruaur Young Fnce jpany gooc. m-ngs .t vvas over- 
done FouTxd appLcablc m NoAioHva it irt.oaacea '■Huz.y odier counties 
where, as William AlarsnoU ana James Ca-ufd po-nted oome othei 

xotanon voula xiave been oetter it was the tas-x of tne egiitemth century to 
popularize it, and of the mneteenth centuiy to ad-^pt it lo 2oca* con±i 2 ons In 
the county of h^OAfoLl, fowever, it xC smi the donijninL t^^pe lanough not 
unchcJiengcd 

Concerning the mtioducaon of the system mto England, Ex.n2e (EfighsJi 
Fartmng Pa^t a}id Presdnr) regards the influence of Sir Richard ^^eston as 
speaally noteworthy He states (p 107) 

The important change with which Weston’b name wdl always be associated 
is the mtroductxon of a ne \ rotation of crops, founded on tne field cultivation 
of roots and clover As Brillat-Savaiin valued a new dish above a new star, so 
Aithur Young regards Weston as “a greater benefactor tljjn Nev/ton He did 
indeed offer bread and meal to millions Whether Weston had visited Flanders 
before lu44 is uncertain His attempts to make the Wey naxigabie bv means of 
locks suggests tliat he was acquamted with the foreign system of canals On 
the otlier hand, his treanse on agricultme imphec that he paid his first visit 
to the country m that year as a refugee A Royalist and a Catholic, Weston, at 
the outbreak of the Civil \<^ai, v/as driven mto exile, and his estates were 
sequestrated He took refuge in Flanders There he studied the Flemish 
methods of agiiculture, especially their use of flax, clover and turnips For the 
field cultivation of clover he advises that heathy ground should be pared, burned, 
hmed, and well ploughed and harrowed, that the seed should be sown m 
April, or the end of March, at the rate of ten pounds of seed to the acre, that, 
once sown, the crop should be left for five years The lesults of his observations, 
embodied in his Discours of the Hushandrie used in Brabant and Flanders^ were 
written m lb45 and left to his sons as a **Legacie ” The subsequent history of 
the “Legacie” is cuiious Circulated m manuscript, an imperfect copy fell mto 
the hands of Samuel Hartlib, who piratically published it m 1650, with an 
unctuous dedication “to the ^ght Honourable the Cotmcil of State ” In the 
following year Hartlib seems to have learned the name of the author and to 
have obtained possession of a more perfect copy He therefore wrote two 
letters to Weston, asking him to correct and enlarge his “Discourse ” Receiving 
no answer, he republished the treatise m 1651 Eighteen years later, the Discours 
was agam appropriated — ^this time by Gabriel Reeve, who, m 1670, reprmted 
It under the title of Directions left by a Gentleman to Ins Sons for the Improvement 
of Barren and Heathy Band in England and Wales Roots, clover, and artificial 
grasses subsequently revolutionized English farmmg, but it was more than a 
century before their use became at all general 

Not less important as a facet of the social background of growmg mterest 
m the problem of reproduction is the nse of commercial horticulture m 
England, In Holland the bulb industry which began with the tulip cult m 
the sixteenth century was already a powerful enterpnse in the opening years 
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of the seventeenth Meanwhile the practice of gardening had undergone 
considerable changes during the Elizabethan period Amherst {A History of 
Gaidemng in England) writes 

In the Middle Ages^ what we should now call the kitchen garden^ was 
m most cases the only one attached to a house The idea of a garden, solely 
for beauty and pleasure, was quite a secondary consideration In early cookery 
books, various recipes for servmg up vegetables are given, though only a few 
of these dishes are vegetables cooked alone But the wealthy, who could afford 
to get all the ingredients of these many recipes, had so much meat, and such an 
immense variety of game, cranes, herons, curlews, and other birds, besides 
those snll m use, that they did not care for vegetables served separately, in any 
quanuties, except on fast days Gardens had chiefly to supply herbs for stufiing 
and flavourmg, and these were freely used. For example, the first recipe m one 
book is for cookmg a “hare m Wortes ** . There was both a good variety 
and a fair supply of fruit m the fourteenth and fifteenth centuries. Several 
new kmds of apple and pear are mentioned by the poets of the day, and must 
have been well known Lydgate speaks of the Pomewater, Ricardon, Blaun- 
drelle, and Wueenmg apples Gower of another kmd, the Bitter-sweet 
Cherries and strawberries were hawked m die streets of London, and the cry 
of “Ripe strawberries” was familiar even m Lydgate’s time Plums are 
not often mentioned, either by the poets, or m old accoimts, but we know that 
both damsons and bullaces were grown m this country, though probably m 
no great quantities In an old recipe for a pudding called “mon amy,” 

the cook IS directed to “plant it with flowers of violets, and serve it forth ” In 
another MS a reape for a dish called “vyolette” is given “Take flowrys of 
vyolet boyle hem, presse hem bray hem smal ” This is to be mixed with milk, 
“floure of rys,” sugar or honey, and ‘‘coloured” with violets Not only were 
violets cooked, but hawthorn, primroses, and even roses, shared the same fate, 
and were treated m the same way One reape, called “rede rose,” is simply, 
“Take the same saue a-lye it with the yolkys of eyroun and forther-more as 
vyolet ” The rose hips were also used, and m a damty dish called “saue saracen,” 
“hippes” were the chief ingredient It was only the large landowners 

who mdulged m a garden speaally set apart for flowers and pleasure The 
garden of every small manor and farm-house m the kingdom was essentially 
for use The reign of Bhzabeth was a golden era m English history, and 
abounded m men of gemus Among the many branches of art, saence and 
industry, to which they turned their attention, none profited more from the 
power of their great mmds, than did the Art of Gardemng Bacon’s Essay on 
Gardens is familiar to everyone Lord Burghley was the patron of Gerard, one 
of the greatest of Enghsh herbahsts, and to Sir Walter Raleigh we owe the 
mtroduction of our most useful vegetable, the potato About this time the 
persecution of the Protestants on the Contment drove many of them to find a 
safe refuge in England They brought with them some of the foreign ideas 
about gardening, and thus helped to improve the condition of Horticulture 
The Elizabethan garden was the outcome of the older fashions m Enghsh 
gardens, combmed VTith the new ideas imported firom France, Italy, and 
Holland The result was a purdy national style, better suited to this country 
than a slavish imitation of the terraced gardens of Italy, or of those of Holland, 
with their canals, and fish-ponds There was no breaking away from old forms 
and customs, no sudden change The primitive medieval garden grew mto the 
pleasure garden of the early Tudors, which, by a process of slow and gradual 
development, eventually became the more elab^te garden of the Elizabethan 
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era The changes m the kitchen, or **cooks-garden,” were not so marked 

as m the ‘^garaen of pleasant flowers ** 

As the flower-garden lay m front of tne house, ‘ m sight and full prospect 
of all the chief and choicest roomes of the house, so contrail^ ise, j'our herbe 
garden should be on the one or other side of me house for the many 
different sents that arise from the herbes, as cabbages, omons, etc , axe scaice 
well pleasmg to perfume the lodgmgs of any house ’’ Thus is certainly a change 
from the gardens of earher times, when herbs covered more or less the whole 
area of the average garden, when groundsel was allowed a place w.th leeks, 
thyme, and lettuce, and was classed among garden herbs mdiscnmmately with 
periwinkles, roses, and violets A stnkmg proof of the progress gardenmg 
was making durmg this period, was the growing importance of those practismg 
the craft m and around London, imtil at length, m the third year of Kmg 
James I, they attamed the dignified position of a Company of the City of 
London, mcorporated by Royal charter In that year all those ‘‘persons in- 
habitmg withm the Cittie of London and sixe miles compas therof doe take 
upon them to use and practice the trade, crafte or nustene of gardemng, 
planting, grafting, settmg, sowmg, cuttmg, aibormg, knockmg, mountmg, 
covermg, fencmg, and removmg of plantes, herbes, seedes, fruit trees, stock 
sett, and of contryvmg the conveyances to the same belongmg, were mcor- 
porated by the name of Master Wardens, Assistants, and Comynaltie of the 
Compame of Gardmers of London ” Thomas Young was appomted first Master, 
and seven years was the term of apprenticeship to the Company ” 

The publisher of the Legaae was prominent m this movement GKithem 
(A History of Garden ArU vol II) says that durmg the Protectorate 

kitchen and finiit-gardens were actively encouraged m these years A 
certam Harthb, a Pole by birth, earned a pension of £100 from Cromwell m 
recogmnon of the work he had done for the furtherance of agriculture, and 
especially because he had encouraged gardeners m trade enterprise on a large 
scale, which was extremely rare, except quite near London 

In the Restoration period John Evelyn communicated a treatise on forest 
trees to the Royal Soaety with a view to encouragmg the mtroduction of 
new trees In a letter written to Pepys m 1686 he draws up a hst of trees to 
be brotight over &om the New World "Evelyn,” says Amherst, 

himself tried to procure new seeds and plants ficom abroad, and also to make 
those trees he advocated m his Stlva more plentiful, for many of them such as 
the Plane and Horse-chestnut were still uncommon m this country, and others, 
the Larch, Tuhp tree and Cedar among the number were scarcely obtainable 

The rotation of crops raised a new technological problem In field pro- 
duction of com the seed used for propagation of the ensumg crop was part 
of the harvest* Field production of clover, turnips, and grasses m the four- 
course S3rstem made the culture of plants for seed production a separate 
operation Writing m the latter half of the sixteenth century, Googe, who was 
one of the earhest to advocate root cxops, descnbes pasture sowmg by scatter- 
ing ha3rseed gathered firom the debris of the hayloft It is dear that m his 
time seed prc^uctmn for pastuie was not as yet commercialized IntheCharter 
of the Worshipful Company of Gardeners at the banning of the reign of 
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James I m England there is reference to regulation cjid menaon of penalties 
for sale of ‘‘bad seeds ” In Blith’s English Impgov^t Imp^ovea^ pablished m 
1652, It IS staled 

Such as are desirous to buy any of the three-leaved grass or lucerne, spurry, 
clover grass can have them at Thomas Biown’s shop at the Red Lyon m 

Soper Lane 

In conformity with Boyle’s concern that “the goods of mantmd may be 
much mcreased by the naturahst’s msight into the trades,” the Enghsh Royal 
Society had constituted itself as a Planning Commission coUectmg “histones 
of Nature and Arts ” About the time when it issued Hoove’s programme o^* 
systematic and co-operative meteorological research, it also issued “Heads 
of Enquiries” for agriculture These, pubhshed m the fifth issue of its 
Philosophical TransacUonSy mcluded such items as 

The kmds of gram or seed usual m En g l a nd, bemg supposed to be either 
wheat, miscelane, rye, oats, pease, beans, fitches, buckwheat, hemp, dax, rape 
We desire to know what kmds of gram are sown m your county and how each 
of these is prepared for sowing 

The first large commercial nursery was founded in 1681 Two years later 
the practice of drill sowmg was mtroduced mto England By 1750 seed 
catalogues were already issued These early nurserymen and seed merchants 
were botamsts as much as salesmen William Mala>lm m his catalogue of 
seventy-one pages issued m 1776 discusses the nomenclature of plants, and 
refers to the system of Linnaeus as the best In Malcolm’s catalogue seven- 
teen Jistmct varieties of peas are offered Earlier — 1731 — ^Phihp Miller, 
m the first ediuon of the GardenePs Dteitonaryy had recorded experiments 
repeatmg Bradley's (vide infra) sterilization of tidips by removmg the anthers, 
and also showmg that spinach, which, like dog’s mercury, bears stammate 
and pistillate flowers on separate plants, wiU not produce fertile seeds when 
the plants are grown apart Malcolm himself was Governor of the Apothe- 
caries’ Company and worked at Chelsea Physic Gardens Of his Gardeners 
and Flonsfs Dictianaty or Complete System of Horticultiare Linnaeus said 
“non ent lexicon hortulanorum sed botamcorum ” 

While the use of the compound microscope was broadening the Ans- 
totehan conception of sexuahty and extendmg it to the mterpretation of 
seed production m flowenng plants, commeraal seed production m agri- 
culture was a new technologi<^ achievement In the two decades which 
preceded and followed the mtroducuon of more powerful compound micro- 
scopes (about 1820), horticultural seed production had become the focus of a 
hvdy interest m production of new vaneties of hybndizauon (see Chap- 
ter XXI) During the intervenmg penod the study of reproductive pheno- 
mena in plants received a continued impetus from the practical apphcations 
of the new knowledge, an example of which is furnished by the work of 
Thomas Knight, a president of the newly formed Bntish Horticultural 
Society, on cross-poHxnation of apples. 

Owing to the recent and deplorable separation of animal and plant biology 
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m the oiTiicula of unLveia^itiecjj e^ib j to fciget the close inter- 

reJL'i.ioush^p of botaiuc^JL ana LooiogicgJ sraoiea Jris time Hoys' intimately 
progress of enCwin^- mto ^ep^-oaL-ctiY/c phenomena cf p.ai-.ts nas connected 
\ ne\/ \i 2 u 'ed^e of jiiLa'aji. c^eedins^ a^cn iS ~cii ^lustiated by 

tLe op'^omg ^fth iCn^gnw ^u-.caaccb u. p-^er ne read to 

the Ao , al Socieuy jc. 1800 

I ha.e been engagea durmg irany yea^s m a^pe^nnents on Isa^t trees cf 
rtbicii the object has been to discov^ei the beet rcears of ro-irmg re\i varieties 
tnai may be touna better calculated foi the ^Lmate of Ernam tban those at 
pieser"* cultivated In this inquiry my etfons nc.ve been JLt ays mob? successful, 
^hen I piopagated f^om the mrles of one variety rnd the females oi another, 
and I was able by the same means to aGcertaiii more accurately the compai alive 
inf uence of the male and female parents on me chaiacter of the ofEsprmg The 
analogy that suosists between plants ana amira's m almost eYfCrything which 
respects generauon mduced me also to attend ^cry mmutely to simuai experi- 
ments m which I engaged on some spe»r*es of animals. 

The mtroductioa of root crops applied a new incen£i\e to sheep and cattle 
breedmg With adequate wmter feeding it was now possible to standardize 
the environment An adequate environment made it possible to set up more 
rigorous standards of heieditaiy equipment In England between 1750 and 
1790 Bakewell, a practical farmer who practised mtensive selective inbreed- 
mg foi flesh quahty and size of cattle^ also estabhshed the New Leicester 
breed of sheep His success became notorious Continental dukes and Russian 
prmces visited his farm, and ^"breeders everywhere,” says Prothero, “followed 
his example ” This development owed nothmg directly to the advance of 
biological knowledge The piactice and theory of ammal and plant breedmg 
reacted successively one to the other Although it is not possible to trace 
any direct influence of stock breeding on the saentific study of animal 
reproduction m its early stages, there is no doubt that the empirical improve- 
ment of sheep and cattle m the eighteenth century, associated espcaally wnth 
the name of Bakcwell m England, fortified the belief that the same methods 
m’ght “produce such rare kmds of plants as have not yet been heard of ” 
Kmght says m one of his papers 

I cannot dismiss the subject without expressmg my regret that those who 
have made the science of botany their subject should have considered the 
improvement of those vegetables which m their cultivated state afiEbrd the 
largest poition of subsistence to mankmd and other ammals as little connected 
with the subject of their ptustut . . While much attention has been paid to 

the improvement of every species of useful ammals the most valuable esculent 
plants have been wholly neglected . The improvement of ammals is 
attained with much expense and the improved kmds necessarily extend them- 
selves slowly, but a smgle bushel of improved wheat or peas may m ten years 
be made to afford seed enough to supply the whole island 


SPONTANEOUS GENERATION 

The first compound microscopes, which provided a ftee pass mto a totally 
unexplored umverse during the mid decides of the seventeenth (xsataxy^ 
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(1640-1690) belong to the penod which also witnessed Romer’s discovery of 
the finite speed of hght^ the pubhcauon of the first maps showmg the moon’s 
mountams and the study of the spectrum The discovenes which they made 
possible were destmed to pave the way for great developments m biotech- 
nology^ when the mvention of achromatic lenses provided the means for 
penetrating still further mto the domain of thing s mvisible to the naked eye 
Of the four major branches of modem biotechnology three which rest entirely 
on a foundation of these early discovenes are saentific breedmg, the control 
of infectious or contagious diseases, and the domestication of micro-orgamsms 
as creative agents of chemical processes 

From the social background of man’s earhest attempts to deal with the 
mconvemence of ram, mud, and the accumulation of excreta, a heap of con- 
fused notions about the way m which small organisms are propagated had 
taken shape The spmtual attnbutes of the “effluvia” which exhaled from 
msamtary dumps were mvoked to explam the “spontaneous generation” of 
the innumerable visible animals which breed among unsavoury surroundujgs 
As time passed, the spontaneous ongm of diseases which are encouraged by 
inadequate samtation was accepted as a corollary Although the simple 
imcroscope* led to the discovery of micro-organisms such as those which 
are now known to be responsible for disease, their significance as parasites 
of man and domesticable animals did not come till higher magnification had 
encouraged closer study What immediately accompamed, and m large 
measure resulted from, ffle use of the first microscopes was that the doctnne 
of spontaneous generation was put to the test of direct experiment, and 
found wanting The decay of this superstition took place gradually, and its 
apphcabihty to the imcro-organisms was the centre of controversy when 
achromatic looses first became available Its immediate effect was to trans- 
form the anthropomorphic concqition of sexuahty which the Naivral History 
of Anstode had bequeathed to medicme two thousand years earher 

According to recent research such as Malmowski’s account of the Trobnand 
Islanders, some primitive cultures still fril to recognize the essential rdle of 
the male parent in reproduction The recogmtion of paternity probably arose 
as the result of domesticating the ox and the ass Pedigree breeing (Fig 391) 
goes back to anaent Mesopotaxman cultures, and belongs to the same social 
context as milkmg the cow and sowing cereals Like the last two, grafrmg 
of vmes and fermentation are also biotedbmcal mventions of great antiqmty 
Thenceforward the only important practical advance m the science of breed- 
ing was the bulb mdustry which grew up m Holland at the end of the six- 
teenth century In the fourth millennium B.c. avilizcd man had grasped that 
bodily mtercourse between mdividuals respectivdy distinguished as male and 
female commonly precedes the production of young. That an essentially 
similar distinction can still be drawn between different mdividuak of speaes 
which do not perform an act of copulation, and that the male performs 
essentially the same part m the process was not recognized till after the 
s emin al flmd had been subjected to microscopic scrutiny 

* Bacteria were first figured in 1688 by Leeuwenhoek, who used simple lenses of 
very high magni fic at ion m preference to the imperfect compound microscopes of his 
time. 
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Anstode’s views on rep^odiiction may be smamar-zed in the foUowmg 
terms Animals may be divided into those vmch produce young as the 
result of sexual miLercoarse ana those wnich ai.e produced spontaneously 
from mud^ sand^ water^ e^cjLement or plant juices In die first group those 
which produce eggs C^dich may be hatched inside the body as m the vipers 
and certam skates and sharics) are distinguished fion^ tnose v;hich are truly 
“viviparous” like man and other mammals By an egg Aristotle means some- 
thing visible to the eye and more or less remimscem of the hen’s egg^ which 
may be fertile or infertue accordmg as sexual mtercourse has or Has not 
taken place The posture of mtercouisea seasonal repioductive habits^ ovi- 
posiuon, etc 5 of a large variety of oviparous vertebrates, birds, reptiles, 
fishes — are faithfully desciibed in the Htstona Arntnahum There are passages 



What IS probably the world’s oldest chart of pedigree horses is this Mesopotamian 
tablet, datmg from many centuries before the beginning of our era Close scrutmy 
will reveal the umversally adopted sign for ‘^female ? ” (JBvovsiModem Encyclopaedia^ 
Part I, by permission of The Amalgamated Press ) 


of surpnsmg accuracy m Book V where Anstode discovers the reproductive 
phenomena of the larger Crustacea and molluscs The followmg is a sample 

Among the malacostraca, the carabi (crabs, lobsters) are impregnated by 
sexual mtercourse and contam their ova durmg three months. May, June 
and July They afterwards deposit them upon the hollow part of their folded 
tail and their ova grow like worms The same thing takes place m the malaaa 
and oviparous fish, for their ova always grow The malacia produce a 

white ovum after sexual mtercourse * The octopus deposits its ova m 
holes or pots or any other hollow place The ovum is like the bunches of the 
wild vme and of the white poplar About fifty days afterwards the young 
polypi burst the eggs and escape like phalangia m great numbers « The 
cutdefish also deposits eggs which resemble large> black myrde seeds They 
are united together like a branch of fruit and are enclosed m a substance which 
prevents them from separating readily. The male emits his ink upon them. 
The ova are produced m fifrero days and when the ova are produced they 
remain for fifteen days longer hke the small seeds of grapes a^ when these 
are raptured the young sepias escape from the inside If a person divides them 
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before they hav-e reached maturity, the young sepias emit their faeces, and vary 
m colour, and turn from white to red with alarm The crustaceans mcubate 

upon their ova, which are placed beneatn them, but the octODus and cuttlefish 
and such like mcubate upon their ova wherever they ma^ be deposited 
Each egg produces one small cuttlefish and so also witli the teuthis 

Among those anim als which produce young as the result of sexual con- 
gress, the land Arthropods (i e insects especially) occupy a special category, 
bemg neither viviparous m the sense that they give birth to young like 
themselves, nor oviparous Anstotle seems to have failed to trace back the 
grub to any thin g v^hich he could recognize as an “egg Thus 

Male msects are less than the female, and that the male moimts upon the 
female, and the manner of their sexual intercourse has been described and 
the difficulty of separaung them Most of them produce tneir young very soon 
after sexual mtercourse All the kmds except some psychae [butterfiies and 
moths] produce worms [i e grubs] These produce a hard substance which 

IS fluid withm [i e the pupa] Fiom the worm an ammal is pioduced but not 
from a poruon of it, as if it were an ovum but the whole grows and becomes 
an articulated ammal 

All mvertebrate ammals which produce offsprmg by what is now called 
“external fertilization” were beheved to be formed by spontaneous genera- 
tion This was asserted to be true of all the molluscs (testacea) except the 
octopus tnbe, of sea anemones, of starfishes, and of sponges Of these Anstotle 
says 

The testacea is the only entire class which is not reproduced by sexual 
mtercourse The purpurae [the sea slug of Tynan purple fame] collect 

together m sprmg and produce what is called their mdamental capsules . . . 
These capsules have neither openmg for perforation nor are the purpurae pro- 
duced from them, but both these and other testacea are produced from mud 
and putrefaction On the whole all testacea are produced spontaneously 

m mud, different kmds ongmatmg in different kmds of mud 

That the mdamental capsules mentioned m this passage were not recog- 
nized as eggs is hardly surprising, when we recall the fact that sexuality was 
exclusively associated with the act of comon except m so far as the dose 
analogy of the sexual organs m fishes which reproduce by external and m- 
temal fertilization led to correct conclusions about the way m which they 
reproduced Since many of the animals of the category last mentioned, such 
as the snail, the barnacle, and the oyster, are hermaphrodite, such errors are 
excusable. It is less easy to understand the complete disregard for the dues 
which the comparative method might have disdosed m a passage such as 
the foUowmg, 

Some of them are produced &om similar animals, as phalangia and spiders 
from phalangia and spiders . . Others do not ongmate m ammals of the 
same species, but their production Is spontaneous, for some of them spring 
from the dew which fdls from plants * Some originate m rotten mud and 
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dtmg Butterflies are produced 2^om cateiiD liars, a'ld these oiiginate m 

the leaves of greeri plants^ espcciahy tne ^nar>nanas ♦vh.cr so^»e oersons call 
crambe or cabbage The gnats o.igm-te in ascandes Ji-ead wo^rrs] and tcie 
ascarides originate m the iTuc of r/elis and ninmng ^vate^s jaat Ov^^er an 
earthy bottom At flrst the decaying iHuo acquires a le co wn-cn after- 
wards becomes olack, anri flnoily xed 

An even more astomshmg lapse is shov^^a ^ben .eiics cn second- 

hand testimony of me type vmch used, to be accepLed as a oacis for anthro- 
pological discacsion Even of the more fammai giouns of ms fhst-hiind 

knowledge vias usuali''^ pcnetidung^ he coaid wri.te sjcn ruebj^sh as 

Most flsn oiigmate in mud and sana Jn en of those itinds v^vtuen originate in 
se^'.^ual mtercoiiTsc and ova, some, they say, nave appeared boti* in otner marshy 
places and m those which once surrounded Condas cvhich became dry under 
the influence of the dog star The reproduction of mice is more \ ondeiful 



bigurc of the Barnacle and Goose m Gerardos Herhall (1591) 


than that of any other animal both m number and rapidity For a pregnant 
female was left ui a vessel of com, and after a short time the vessel was opened, 
and a hxmdred and twenty mice were counted In a certain part of Persia 

the female foetus of the mice are found to be pregnant m the uterus of their 
parent Some people say and affirm that if they hek salt they become pregnant 
without copulation . • 

Accounts of spontaneous generation continued to be credited until the 
beginning of the eighteenth century In the most notable of the Enghsh 
Herbals, as the works on botamcal mediane were called, Gerard (1594) gives 
an illustration (Fig 392) beanng on the following atauon 

But what our eyes have scene, and hands have touched we shall declare 
There is a small Island m Lancashire called the Pile of Foulders, wherem are 
found the broken pieces of old and bruised ships, some whereof have beeUfC 
cast thither by shipwracke, and also the trunks and bodies with the branches 
of old and rotten trees, cast up there likewise, whereon is found a certam spume 
or froth that m ume breedith unto certam shells, m shape hke those of the 
Muskle, but sharper pomted, and of whiush colour, wherem ts contamed a 
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thing m forme like lace of silke finely woven as it were together^ of a whitish 
colour, one end whereof is fastened unto the mside of the shell, even as the fish 
of Oisters and Muskels aie the other end is made fast unto the belly of a rude 
masse or lump, which m time commeth to the shape of a Bird, when it is per- 
fectly formed the shell gapeth open, and the first thing that appeareth is the 
foresaid lace or strmg, next come the legs of the bird hangmg out, and as it 
groweth greater it openeth the shell by degrees, til at length it is all come forth, 
and hangeth onely by the bill in short space after it cometh to full matuntie 
and falleth mto the sea, where it gathereth feathers, and groweth to a fowle 
bigger than a Mallard and less than a goose having blacke legs and bill or beak, 
and feathers blacke and white, spotted m such manner as is our magpie 
For the truth hereof if any doubt, may it please them to repaire unto me, and I 
shall satisfie them by the testimome of good witnesses The hordes and 

rotten planks whereon are found these shels breedmg the Bamakle are taken 
up on a small Island adjoynmg Lancashire, halfe a mile from the mam land, 
called the Pile of Foulders They spawn as it were m March and April, the 
Geese are formed m May and Jxme, and come to fulnesse of feathers m the 
month after And thus havmg through God’s assistance discoursed somewhat 
at large of Grasses, Herbs, Shrubs, trees and Mosses, and certam Excrescences 
of the earth, with other thing s moe, msident to the histone thereof, we conclude 
and end our present Volume, with this Wonder of England For the which 
God’s name be ever honoured and praised 

It IS even more illuminating to note the concessions made by those who 
attacked the Anstotehan tradition m general and current “metamorphoses” 
m particular. The reader may recall Browne’s eloquent passage on the 
Vulgar Errors* 

But the mortallest enemy unto knowledge, and that which bath done the 
greatest execution upon truth, hath been a peremptory adhesion unto authority, 
and more especially, the estabhshmg of our behef upon the dictates of antiqmty 
For (as every capacity may observe) mostmen, of ages present, so superstitiously 
do look upon ages past, that the authorities of the one exceed the reasons of the 
other Whose persons mdeed far removed from our times, their works, which 
seldom with us pass uncontrolled, either by contemporaries, or immediate 
successors, are now become out of the distance of envies, and the farther re- 
moved from present times, are conceived to approach the nearer imto truth 
Itself Now hereby methmks we manifestly delude ourselves, and widely walk 
out of the track of truth 

The same wnter, while attadong other accepted cases of spontaneous genera- 
tion, himself wrote. 

Concerning the generation of frogs we shall briefly dehver that account 
whidb observation hath taught us By frogs I understand not such, as ansmg 
from putrefaction, are bred without copulation and because they subsist not 
long are called temporanae [Rana temporan<h the common /rqg], nor do I 
mean the little frog of an excellent parrot green that usually sits on trees and 
bushes, and is therefore called Ranunculus vmdis [the tree frog], but hereby I 
understand the aquatile or water frog, whereof we may behold many millions 
every spring m England 
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Sir Thomas Browne was nsnaily m advance of his time Referrmg to 
the doubts he expressed on behalf of Ansiode’s s:or>^ of tne mouse, Ale\ander 
Ross roimdly upbraiaed him thus 

So ma^r one doubt whethei m cheese anc timoeiL are generated, or 

if beetles and wasps m cov ’'"c dungj or if butterflies, locusts, grasshoppers shell- 
fish, snails, eels and such like be procreatea o£ pucrefied matter \i^hich is apt 
to receive the form of that cieaoire co vmch it by formati'^e powers disposed 
To question this is to question reason, sense and e>.penence If he doubt of 
this let him go to Egypt, and there he will find the fields swaimmg with mace, 
begot of the mud of Nylus, to the great calamity of the mnabitants 

The barnacle legend hngered on for more than a century after the issue 
of Gerard’s Herhall That canny Scot, Sir Robert Moiay, claimed to give the 
account of an eye-witness m a paper wmch was pubhshed m the TransacUons 
of the Royal Soaety In it he describes the barnacle shells washed up on the 
coast of Scotland, and refers therem to the 

little bill like that of a goose, the eyes marked, the head, neck, breast, wmgs, 
tail and feet formed, the feathers everywhere perfectly shaped and blackish 
coloured, and the feet like those of other water fowl to my best remembiance 

Less than half a century before Haivey’s treatise appeared. Van Helmont, 
who occupies an honourable place m the history of science, lent his 
authority to a time-honoured recipe for makmg mice by putimg a few grams 
of wheat or a piece of cheese along with some dirty linen m a closed recep- 
tacle Important landmarks m the overthrow of the Anstotehan view 
were the observations of two Itahans m the seventeenth century Redi, a 
phjrsician and member of a learned society callmg itself the Academy of 
Expenence, imdertook a detailed study of one of the most firmly accepted 
examples of spontaneous generation To test whether the worms which are 
found m rotten meat really appear spontaneously, he adopted the simple 
expedient of covermg the meat with gauze Fhes attracted by the smell laid 
their ^gs on the gauze and hatched mto Anstotehan “worms” without 
contact with the meat supposed to generate them A little later Valisnen, a 
medical prof^sor at Padua, showed that the grubs found m fhnt and plant 
galls (like the marble gall or oak apples) are hatched from eggs deposited by 
an insect before the frmt or the gall begins to develop 
The influence of the microscope on this change of outlook was both 
direct and mdirect In vanous ways it made it possible to recognize similanties 
which are not accessible to the naked eye Apart from size, the eggs of insects 
are )ust as much like the eggs of a hen, a shark or a lizard as are the eggs of 
a crab or of an octopus The doctnne ornnta ex ovo which Harvey advanced 
m his last and posthumous work on the Generation of Animals was a natural 
corollary of the new habit of usmg a lens m his researches Careless observa- 
tion of small objects could now be brought to a new tnbunal, and unsuspected 
new fects began to accumulate Anstode’s division of animals which begm 
hfo as worms^ animals which begin as ^gs and animals which are conceived 
VLViparously vm abandoned as direct observation traced the beginnings of all 
animals to a more or less sphencal or ovoid body which has no external 
resemblance to the adult being 



822 


Science for the Citizen 

Simultaneously a flood of light was shed on the nature of sex by one of 
the most indefaugable of the early naicroscopists, Leeuwenhoek, who com- 
mumcated various discoveries to the Enghsh Royal Society These are 
collected m his SeaeU of Nature^ pubhshed m 1695 Leeuwenhoek, who was 
the first to describe nucro-orgamsms, was also the first to observe that the 
semen of animals teems with mmute vibratile “corpuscles,** the spermatozoa 
or sperms, which are far too small to be seen by the eye * Although the precise 
part whida the sperm plays m the sexual process was not fully recognized 
until the co min g of achromatic lenses, the discovery of spermatozoa immensely 
enlarged the conception of sexuahty Till then semen had been lecogmzed 
as a viscous colourless fluid exuded m the sexual act Aristotle was aware 


:fol2ic^z adls' 



Fig 393 — ^Huaian Egg and Spiauvi 

The actual size of the egg is less than 2 mm , and the sperms (below) are drawn to 
the same scale The thickened head of the sperm (seen here m two views) contams 
the nucleus 


that this fluid is not necessarily mtroduced mto the generative cavities of 
the female It may, for mstance, be squirted over the eggs as they emerge, 
as IS done by the male frog The traditional view admitted the distmcuon 
between male and female aiumals which do not carry out the fertilization 
of the egg by the semmal fluid as the result of direct bodily contact, when 


* According to Cole the first published reference to spermatozoa is made by 

Huyghens who, besides being foremost m devismg the pendulum clock was prominent 
m the optical researches which received their impetus from the technology of the 
telescope Huyghens mentions m a letter dated June 1678 that he had of late devoted 
his attention to improving microscopes, prompted by observations ot a student 
called Hammms at Leyden Hamxmus hacf discovered animalcules m the semen of 
animals, and these he (Huyghens) had often seen. It seems that Huyghens obtained 
this information indirectly from Leeuwenhoek, whose letter written a year earher, 
though not published till 1679, he had read The mcadent illustrates the close asso- 
ciation between the improvement of the microscope and the technology of navigation 
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tJieir xeprodi-ctive organs and semmal fluid res7>ectively e\lubited an obvious 
sumiariiy to those of near relanons v%hich pracbse a recognizable act of 
comon On the other hand, Aristotle froai claims to sexuality 

(a) the immense category of msiine mveiiebrates like the O’v stcr^ which shed 
then semen and ova mto me sea v,ntjiiout paien^ai yiopinqoxty and (b) the 
man}^ hermaplu ocfite terrestrial arm lals Use die CKxth^Tvo.'ti and shcm., \ibich 
combine the produce on of semen and eggs m one tndiviaoal 

Without immediately giving buth to a correct view of vatcvAin Lecuv'.cn- 
hoek's discovery provided a new dijf^renttc of and at once pxepared 
the way for the recogmdon of umversal 3exuant> Hencefo.tn ma^eness is 
defined as power to produce speims Simultaneously as a direct resat 
of new microscopic oLservatioas on plant anatom}^ including tie pro- 
duction of pollen, Nehemiah Giev/, whose Anatomy oj Plajits was finally 
pubLshed m 16S2, advanced the doctrme that the stamens of the flowermg 
plant are its male organs, that the pistil corresponds to its female parts 
(Fig 395), and that pollen performed the same essential function as semen 
Though there is some evidence that dusting the pistil with pollen had been 
earned out by vme-growers m dynastic Egypt, the doctrme of sexuahty on 
which the mdustnal practice of modem seed production rests was a veritable 
revolution m the saentific world of the eighteenth century m me Chiis- 
tian era 

Grew says that Six Thomas Millmgton, another Fellow’ of the Royal 
Society, had amved independently at the same conclusion We have no 
informauon concemmg any experiments they may have performed to test or 
arnve at their conclusions They may have been based on microscopic recog- 
mtion that the dust of the ancient date husbandry was a production essentially 
conmion to all flowermg plants A German botamst C^eranus estabhshed 
the doctrme on a firm footmg ofexpenmental evidence set forth m his Lett e 7 
on the Sex of Plants (1688) His expenments seem to have been inspired by 
observations on the habit of the mulberry tree which from tune immemorial 
had been the basis of an important mdustry, since it is the food plant of the 
mulberry moth {Bombyx man) whose caterpillar is the silkworm The mul- 
berry resembles the holly and the willow whose pollen flowers and seed flowers 
occur on difierent trees Wolf summarizes the expenments of Cameranus 
m the following passage 

Havmg observed that a fruit-bearmg mulberry tree near which there was 
no poilen-bearmg tree produced stenle seed vessels, he decided to investigate 
the subject expenmentally He chose for this purpose such common plants as 
dog’s mercury havmg flowers of different sexes Planting some of its npe seeds 
m soil, he saw that they produced two kmds of plants which though similar 
m many ways differed m this respect, namely, that some of them had stamens 
but no seeds or fruit, while the others bore fruit but did not have stamens 
When he isolated the frmt-bearmg plants from the poUen-produemg plants, 
then seed vessels still appeared on the former, but they were stenle He next 
experimented with plants m which both stamens and pistils grow on the same 
plant, such as maize and Rictnus (the tropical plant from which castor oil is 
denved) He foimd that when their stigmata were removed before the antheta 
were fully developed, then the seed vessels were always empty and stenle^ 
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It IS more than a comcidence that the doctnne of sexuahty m plants took 
shape at a time when scientific men were beginnmg to take an mterest m 
agriculture, horticulture, and husbandry In England Grew^s work comcided 
with the mtroduction of the foui -course system or rotation of turmps, grass, 
clover, and cereals, an innovation sometimes spoken of as the agncultural 
revolution of the seventeenth century, though some such practice seems to 
have been of long standing m Chma Durmg the long period m which localized 
self-suffiaency had been displaced by the growth of miemational trade, 
saence had developed as an essentially urban product, and medicme to which 



Fig 394 — The Fertilization of the Date 

This Assyrian bas-relief shows King Ashur-nasir-pal assisting at the pollination nte 
before a date tree Behind him is a pnest canymg the male seed and m his left hand 
the pollinauon tray or basket (Bnush Museum ) 


biological enquiries owed their primary impetus was cut off from the soil 

Though the fact was never generalized, sexuahty m plants was one of the 
earliest secrets of husbandry Three of the most important plants which 
avilized man learned to value — ^the date, the vine, and the mulberry — 
produce separate stamimferous and pistillate flowers Theophrastus, a pupil 
of the Lyceum and the most renowned herbalist of the anaent world, descnbes 
the treatment of date palms m the words • 

With dates the males should be brought to the females For the males make 
the fruit persist and npen* • When the male is m flower they at once cut 
off the spathe with the flower and shake the bloom with its flower and dust 
over the fruit of the female, and if it is thus treated, it retains the fruit and does 
not shed it* 
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The ferahzmg power of ihe male catKms of the date pnlin was famtliar m 
Babylon a£ a much earlier ume It is represejitea by a frequent symbol on 
Assyrian monuments, and is recorded by Heroaoois Tne practice of am- 
fia^ pollmation m vine husbancuy is also of gieat antiquity Howevei, there 
was no recogmtion of the fact thac. the stamens or pollen-prcaucing organs 
m any way resemble the generaave Oigaas of tne male animal — stili less that 
the flowers of common plants aie essentially hermapjarodite structures, as 
experiments like those of Camerarius established The complete failure of 
the pre-microscopic herbalists to generalize the lesson of the date palm is well 
illustrated by me words of the thirteenth-century Arab physician, Kazwmi 

The date has a stiikmg resemblance to man, through the beauty of its erect 
and slender figure, its division mto two sexes, and the property which is 
pecuhar to it, of bemg fecimdated by a sort of union 

The importance of this step was far greater than anyone could have fore- 
seen An immediate practical result was that it made systematic experiments 
m plant hybndization possible Hence it imtiated a succession of attempts 
w^hich laid the foundations of saentific breedmg of plants and animals 
Its practical importance will be realized more fully when we have surveyed 
the ongms of this important department of modem biotechnology Here it 
IS suffiaent to remark that a contemporary of Cameranus claims the honour 
of bemg the first creator of a horticultural product by dehberaie mterference 
with the nomial course of reproduction 

He was Thomas Fairchild (1667-1729), who owned a nursery at Shore- 
ditch, and left a sum of money to the newly chartered WorshipfUl Company 
of Gardeners to provide for an annual discourse Bradley, then Professor 
of Botany m Cambridge, wrote m 1718* 

The Carnation and the Sweet William are in some respects alike, the Farma 
(i e pollen) of one will impregnate the other, and the seed, so enhvened, will 
produce a plant differing from eitlier, as may now be seen m the garden of 
Mr Thomas Fairchild, of Hoxton, a plant neither Sweet Wilham nor Carna- 
tion but resemblmg both equally, which was raised from the seed of a Carna- 
tion that had been impregnated by the Farma of the Sweet William 

A century later the hybnd was still shown as Fairchild^s Sweet William m 
Enghsh gardens 

While it IS doubtful whether the experiments of Cameranus exerted any 
effect on Enghsh horticulture, it is fairly certain that the issue was bemg 
probed about the same time m England For some years before Bradley 
recorded this account (1718) of an achievement which might "produce such 
rare kmds of plants as have not yet been heard of,*' he himself had earned 
out experiments essentially like those of Cameranus to test views which had 
been raised m discussions of the Royal Society by Robert Balle and by 
Samuel Moreland, who communicated a short paper m the Phtfosophtc^ 
Transactions of 1703. Bradley had "good fortune to bring xt to d^onstra-' 
don by several experiments smee which a gentleman of Pans had pnnted 
something of the same nature m « . the year 1711 and 1712 

Moreland acknowledges pnonty to Pr. Grew as "the only author I can 
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find who hath observed that the Fanna doth some perform the 
office of the male bperm ”He then submits to the ‘'disquisitions and censures'*^ 
of competent judges and to further enquiry by persons possessed and skilled 
m the use ot “the best rncroscopec*^ two furthea suggesaons (i) the “seeds 
are at first like unimpregnated ova of animals^"" and (n) ** this Farma is a 
congenes of semmal plants one of wnich mt*U he coftV^ed into eve>y o-ois-ia 
before it can become prolific ” The gist of the papci. is that wheiever seeds 
are formed arrangements coexist to ensure that pollen is coliecied on the 
sugma first Moreland does not state that he had earned out the crucial test 
of showmg that no seed is formed when pollen is presented fiom oouig so 
The importance of the paper hes in the ^uvid way in which it bears tesumony 
to the influence of the microscope and new views on the nature of se\ in 
animals 

Though we do not know whether Giew or Moreland estabhshed their 
views by direct experiment, it is clear that expenmenis on pollination were 
m progress in England between 1670 and 1710, and that the issue vas brought 
forward several times The close association of the Fellows with currenc 
social movements m the early days of the English Royal Society as illus- 
trated by the title of Bradley’s Nefvo Improvements of Planting and Gardening 
Fairchild commumcated m the Phtlosophtcal Trarsachons oj the Royal 
Society (1724) results of graftmg experiments, “designed,’" says Znkle “to 
demonstrate the ascent of sap ” Thomas Kmght, founder of the Hoiacultural 
Society, returns to the same theme eighty years later 

The experimental study of hybridization m plants is simpler than the 
experimental study ot hybridization m amnials (see Chapter XXI) and 
the material basis of sexuahty m plants is easier to recognize Hence plant 
hybridization has laid the foundations of what we now know about mhem- 
ance m animal s Throughout the past history of mankmd efl:orts to impro\e 
plants and produce them on a large scale had been almost exclusively con- 
cerned with vegetative propagation, either natural (eg the Dutch bulb 
mdustry) or artificial (graftmg and cuttmgs) After the mtroduction ot crop 
rotation seed production became a process of steadily mcreasing social 
importance The part played by the pollen in fixmg the character of hybrid 
offsprmg, exhibited in the production of new vaiicties such as Thomas 
Fairchild’s carnation, prepared the way for closer study of heredity The way 
m which normal pollmation is assured by wmd, msect visits and other 
means was S 3 rstematically studied by the plant hybndist Koelreuter, who was 
director of the grand ducal botamc garden at Carlsruhe m the middle of the 
eighteenth century His work was followed by similar studies, of which the 
most noteworthy were Sprengel’s observations on the vanous arrangements 
which ensure cross pollination of the stamens and pistils of different flowers 
through the agency of insects 


THE MODERN VIEW OE SEXUALITV 

The material basis of paxentbood m animals wiH be set forth in detail 
later. First kt us briefly cxxntxast the modem view based on direct observa- 
tion through the compound microscope with the Arxstotehan doctniie which 
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heid jji a more cr lees mooiaed fom long rHer tne liu versa! existence 
of se^ m sminais end pl?iiuS of visible dimensions haf oeen Srml}’- established 
Anstotle^s /lev mt some ore prouacec, ^ md that^ ^hen 

the3, are sc piocincec^ ideu. '^esemoLance uO unenrpcneris -«= c^e .otne nutr-.ent 
matenal rosoToea Cj Joe egg <ol tnc Zu:« of Jie male 
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fiG 395 — Sex in Flowering Plan is 

The hgxue below shows (below) the parts of a typical flower with a compound inferior 
o\ ary containing many ovules or immature seeds If the stamens are smpped off the 
\ oung flower before anthers burst and set free the pollen, no seeds wuH be formed by 
plants kept under glass to exclude insects or wind-blown pollen Such castrated flowers 
will produce normal seed, if pollen is dusted over the stigma with a fine brush When, 
as above, there are separate staminate and pistillate flowers, the latter will not form 
ripe seed, unless there are pollinate flowers m the neighbourhood 


identified with the menstruum of mammals In contradistmcticni to this the 
modem view is that the bodies of all animals and plants ordinarily so desenbed 
(as distmct from micro-orgamsms) are built up of microscopic bncks called 
cells, and the essence of fertilization hes m the Act that two ses cells (gametes) 
produced, one (the sperm) by the male parent and one (the ovtm or egg-cell) 
by the female parent,/i&a tt^eiher &od)t(y,therebyi,nitiating a process of division 
which leads to the production of a many-oelled embryo. 

The gamete whidi is called the e^-c^ or ovum, produced by the parent 
called female when the sexes axe separate, is altrajrs larger than the male 
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gamete^ and contains more or less storage matenal On account of tins it maj 
attain considerable dimensions before fertilization ensues, and is then equiva- 
lent to Vfhat Aristotle calls an egg or mdamental capsule Ordinary flowers 
combine in one structure the poUen-producmg organs (anthers) and egg- 
cell-containmg organs (ovules) Anthers and ovules are sometimes borne m 
separate flowers on separate plants (e g date, spmacn, willow, dog’s mercury, 
and holly) or m separate flowers of the same shoot (stmgmg-nettles, 
cucumbers) Similarly semen-pioducmg organs (testes) and egg-produemg 
organs (ovanes) m many groups of an i mals occur simultaneously (barnacles, 
earthworms, snails) or successively (oyster, starfish, lamprey) m the same 
mdividual 

In some animals such as snails, human beings, and birds, the scrmnal fluid 



Fig 396 — Moke Primitive Type of Flower than the One Shown in the 
Previous Figure with Separate Ovaries, Each Containing a Single Ovule 


is mtroduced mto the oviduct of the female and the egg is fertilized mside 
the female body The male of many land animals has a special organ, the penzs^ 
which is used to mtroduce the semmal flmd mto the body of the female The 
frog and the fowl do not possess one Many marme animals (e g oysters, 
starfishes, marme worms, sea anemones) shed both eggs and seminal fluid 
mto the sea There is no act of sexual union between the two parents them- 
selves Hence the bodily act which brmgs the semen mto contact with the 
egg is less important to the naturalist than to the dramatist* It has therefore 
ceased to be r^arded as the most charactensne feature of what biologists 
mean when they talk about sex* 

Two links m this chain were by-products of the early microscopes One 
was the discovery of the male sex cell or sperm. The other was a gradi^ acqm- 
sition* The word cdl was first used by Hooke m his Mtcrograpkta to desenbe 
the resemblance of cork tx> a honeycomb, when highly magnified Leeuwen- 
bodk also noticed that human blood is not a homogeneous flmd. It is a dense 
suspension of mmute bodies, some colourless (white corpuscles), others 
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which a^e ovoid ciscs free corpuscles) containing Laetnoglobin Subsequent 
progress in the microscopic ana^om^r of animais Vics s.ow^ because animal 
ussues a^e soft and yielnmg Plana. bocLes (Fig 30S; aie mcs.ae up of tissues 
composed of bricks sujLicundsd Dy a thm of cchiiose uiuen persists 
after deaths so th t e^en m dead tissue Lu^e com the cellular structure is 
readily visible On tnis account they can be easily sLced a snarp razor 
into thin sections vyhich are sulHciently transiucem to expose the.r make-up 
v\nen examined thiough the rmcioscope 


KOW Al^IViAL BIOLOGY WAS SIDETIIACKED 

Thai progress m tne study of plant reproduction was closely unkea with 
the practice of norticuiture and agriculcmal seen production is bevond dis- 



FiG 397 — RixAiivL Position of ihe Organs or Nitrogenous Excretion (Kidneys 
AND Blunder) and of REPRODuenoN in Man 

On the left, female, on the right, male 


pute Nor can we doubt the immense stimulus which the elucidation of repro- 
ductive phenomena m animals received from parallel enqumes conducted 
by botamsts The title of Purkmje’s treause published m 1839 On the ana^ 
logics in the structured elements in ammals and plants is eloquent testimony 
to the debt which current knowledge of the matenal basis of mhentance m 
animals owes to the recogmtion of the cellular structure of the plant body 
It IS equally emphasized by the scope of an important memoir published by 
Caspar WoMF m the closmg years of the eighteenth century 
The importance of Wolff’s work recalls an mcident, which has been men- 
tioned m an earlier chapter* The bnlliant lead of the early English physicists 
durmg the latter half of the seventeenth century was sidetracked by the 
Continental doctrme of phlogiston which came to the rescue of Aristotelian 
chemistry Contemporary with Hooke and Mayow, Malpighi had made 
correct observations on the hen’s egg^ even descnbmg the formatimi of the 
heart ftom an undifferentiated region of tissue, when classical erudition re- 
habilitated the remnants of Anstode’s spontaneous generation m the doctrine 
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of **prefonnation A being complete m all its essenacds lay concealed from 
view — or fiom the magnifying power of arncroscopes then — in 
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Fig 398 — Cellihlar Structure of the Flowering Plant — Diagrammatic View 
OF the Microscopic Anatomy of a Young Stem 

The young stem of a flowering plant consists of three mam tissues or groups of tissues 
(a) an outer covermg or epidermis of thick-walled cells with an outer cuac^arized coat 
protectmg the underlying tissues from evaporation « (b) thm- walled cells contammg 
abundant flmd and formmg a packmg (cortex and pith)^ (c) a rmg of vascular bundles 
of conductmg tissue contmuous with the *‘vems” of the leaf iSch vascular bundle 
contains three mam tissues (a) the wood, consistmg mamly of wood vessels Originally 
elongated cells with spirally thickened walls, the transverse partitions where they are 
jomed end to end break down, and the cell substance dies, so that hollow tubes of fine 
bore are formed, nmnmg from the roots to the leaves, (i>) the bast, consistmg largely 
of steve-^ttibesy elongated, dead conductmg cells with perforated ends, (c) a few layers 
of thm-walled cambium cells, which multiply to form new wood on the inside and new 
bast on the outside As the stem gets older, the cambium may join up to form a com- 
plete nng, Jaymg down contmuous tings of wood and bast which accumulate from 
year to year, formmg m the case of the wood the annucd rings of woody plants 

In a yoimg stem the cells just belowthe epidermis usually contain the green pigment 
Moropf^ll concentrated m round corpuscles indicated by black dots m the figure. 



R 3 t>lem,shrig ike Earih 831 

egg^ 01 aitem'iti.vely as Jhe j2 tJie sperm. The altema- 

ti*e ^icw baa repercass^cns ou :^e aerr coc'^o^ersv concerning the 

concep'ion or the Vaigra o> me B^es^'ea’ St Smce meolcg^cal ingenmty 



Fig .iOO — C ellular Structurl of the Animal BoD-i 

(a) Cube cut Irom the skin of the fiog shewing successn e layers of cells which make 
up the outer skin or epidermis, and a simple pit-like gland whose slimy secretion 
keeps the surface moist, 

(b) Lmmg membrane of the human windpipe, the cells have fine vibratile outgrowths 
called cihuy whose swaying motion keeps the moist film of phlegm circulating 

(c) Cartilage from shoulder blade of frog, shewmg cells lymg m a gelatmous matrix 
which they secrete 

(d) Teased out muscle fibres from the human bladder Each contractile fibre is a - 
single elongated cell 

(e) Three kmds of white blood cells and a group of red blood corpuscles from man 


had not as yet achieved a settlement of the conflictmg tenets of the Dominican 
and Benedictme sdiools, the issue provided ample scope for manly sentiment 
and promoted a voluminous htetature. 

The method of analysis which undexhes the esploits of the prefbima- 
uomst wntexs of the ei^iteenth century will offer no difficulties to those whe 
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have equipped themselves with a knowledge of cuirent economics If 
the sperm is the agency by which the manhood of the male parent 
passes to his son, the recogmtion of manhood m the sperm is inherent in 
the origmal defimtions of the subject mattei of embryology To be suie tne 
homunculus was diflBcult to see with the aid of lenses What the lens could 
not do through the limitations of mere empmcism, logic supplemented m 
the illustrations to the text (Fig 400) of Hartsoeker and Dalenpatius A 
century of phlogistomsm mtervenes between Hooke and Lavoisier, a centur}’^ 
of prefbrmatiomsm between Malpighi and Wolff 

WoIflTs microscopic studies showed ( 1 ) that the organs of a growmg plant 
develop from uniform cellular regions at the tip of the growmg shoot or 



c, Leeuwenhoek from the dog (1679) Hartsoeker fiom man showmg the 
‘‘homunculus” (1094) e, /, Francois Plantades (Dalenpatius) fiom m'ln e, mtact 
/and gi broken to show the “homimcuh” (1699) From Dr Chailes Smgei’s Sho7t 

History of Biology (Oxford) 


root, (u) that the parts of a flower arise from undififerentialed cells as do leaf 
buds, (m) that the organs of the chick are gradually evolved from a mass 
of ceUiiiar tissue which is at first mdistmguishable 


COMING OF THE MODERN MICROSCOPE 
The mtroduction of achromatic lenses was immediately followed by ex- 
tensive researches mto the details of development, notably the work of Van 
Baer on the rabbit and other mammals Its firstfruits were an immense and 
rapid mcrease m knowledge about reproduction m plants Between 1821 and 
1830 Amia, an Italian physicist who was foremost m the improvement 
of microscopic construction 'as inventor of the ‘‘immersion” lens, 
recorded the way m which the pollen gram germinates on the stigma, and 
described the pollen tube which grows through the tissues of the pistil, finally 
making its way mto an ovule In 1846, when the new cell doctrme was 
already established, he descnbed the single egg cell m the “embryo sac” of 
the ovule. The importance of this observation, which is fundamental for the 
theory and practice of modem hybridization^ extends fiur beyond the repro- 
duction of flowering plants* It may well be doubted whether the nature of 
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fertilization in animals would have been elucidated witnout the previous 
knowledge that a single pollen gram fertilizes a single o^mle 

New facts remamed to be discovered before the essenual simuanties could 
be fully undeistood^ and these were discovered m me fifties, first by the ^?^ork 
of Hofineister^ a German botanist who left school at the dge of fifteen to work 
in a shopj and subsequently by the researches of Prmgsheuii The work of 
these men extenaed knowledge of sexuahty to :ne flo' werless plants Aside 
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Fig 401 — FERm.izATioN in a Flowering Plant 


When the pollen gram leaves the anther it is a smgle spherical cell with a smgle nucleus 
Here two are seen germinating on the stigma of a flower with an ovary which contams 
a smgle ovule One of the pollen grams has sent out a pollen tube which has grown 
down through the stigma and penetrated the ovule, reachmg the ripe “embryo sac^* 
or female prothallus (see p 940) The sperm nucleus, one of three formed by division 
of the nucleus of the pollen gram, is about to unite with that of the egg cell As you 
will see later from the discussion on p 946, the **ovary” or seed vessel of a flowermg 
plant does not strictly correspond to the ovary of an animal 


from the impetus which commercial seed production and hybndization 
supphed, the study of the reproductive phenomena m the lower plants was 
beginning to attract attention, on account of growmg mterest m the part 
played by fungi as agents of p]^t disease Thomas Kmght concludes a paper 
dehvered to the Horticultural Society m 1815 with the words . 

The enormous mjury which the crops of wheat sustamed m 1814 and other 
seasons by mildew attaches a great degree of mterest to the mvestigaaon of the 
habits of parasitical plants of this tribe. 

2D 
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SEX IN THE LOWER PLANTS 

There are three ways in which plants reproduce Two of tnese aie common 
to plants and animals One is vegetatvz^e^ le by a growth or bud fiom tre 
body of the plant or animal The bud gradually may assume the form of tne 
full-grown orgamsm before or after it is detached to form a new and separate 
one Runners of strawberneSa bulbs of daffodils^ xoot-stocks of irises, tubers 
of potatoes are famihar examples of a process also common among marine 
sedentary which form colomes, as do corals, sea mats, and sea sauirts 



Fi6 402 — ^Asiaual Reproduction in the FosN 

Ay Leaf of fem The small roimd objects on the under side of the leaf are the covers 
ot the groups of sporangia, shown more clearly in which is a poifion of the leaf 
magmfied C, group of spoxangia cut through the middle 

Some orgamsms when cut mto pieces regenerate the missmg organs of 
each part. Worms and sea anemones sometimes do this and plants can be 
propagated by artificial vegetative reproduction, as m the practice of “cuttings"’ 
and grafts 

In contradistmction to sexual reproduction and vegetative reproduction 
common to plants and animals, asexual reproduction by fine spores^ like the 
dust of the puffball or of mildews, and the fine powder which can be shaken 
&om the underside of the fem leaf or along the edges of the leaflets of the 
bracken, is pjeculiar to plants. Till the introduction of the cesmpound micro- 
scope, spore production was the only form of reproduction known to exist 
in the non-flowermg plants, Fem spores are single cells Each is a minute 
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spheiica^ cody (F*g 402)^ produced in snaL Cualhed capsules which are 
attached to a sort of c^saion pad on the undex Dorface of tue leaves These 
pads are protecLcd by LUe folded edge of Jhc xecdeto 03 a sort of umbrella 
V. hich iS of yeiiov isn bro^ n colour 

It xS easT to Cu-t a secaoa ol die fem lejiT a saTet]/ rcuzor oLdc if it is 
pre-^sed oemcen t^vo p.e^es of pitn the sofa. ste.... oi a geranxam If the 




the embtyo Fam 

hiG 403 — Sexual Reproductton of twe Fern 


section IS mounted on a glass shde m a drop of water and e x a m i ne d under a 
microscope^ the leaf itself is seen to be made up of distinct layers of separate 
bricks, or cells The cells of each layer have characteristic features m virtue 
of which they are spoken of as forming distinct ‘‘tissues ** The spore capsule 
and Its cushion are also made up of separate cells> the walls of the former 
bemg flat and thtn When it is young and not fully formed, the spore capsule 
IS a mass of similar cells; ficom one of the inner mass of cells each spore is 
formed* When folly formed it has a thick woody coat, but remains undivided 
until die spore capsule ruptures and sets it free, when npe ^ 

Blown by the wind, it may settle on damp earth It then germinates* That 
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cells of t±iis mass become spirally coued ana their ends become equipped 
with vibratile filaments or ciha by \vhich they can siToim about when the wall 
of the testis bursts Farther forward on the undei -surface of the prothallus 
are projections formed by an open hollow conirm of ceK& like the neck of a 
botde These are the ovaries — botamsts call them arcLegoma — each of which 
contams a large round cell — the egg cell or o\mm — ^at the oottom of tae cavity 
mto which the orifice of the neck leads The motue ciliated cells or sperms 
set free when the testes burst swim to the ovaries^ and malte their waj down 



SCiXUsJL vaiioti 7X1 Spirog^a. 



Fig 405 — Primitive Sexuality in a Freshwater Green Alga 


The green scum found near the edge of stagnant ponds commonly contams a tangle 
of fine threads just thick enough to be visible to the naked eye Beneath the microscope 
they are usually found to consist of long cells arranged in single file A common species 
of this type of plant life is the green alga called Spirogsrra on account of the spirally 
coiled portion of cell substance (chloroplast) charged with green pigment When the 
water is drymg up, adjacent filaments often send out fine tubes which fuse (a, W, so 
that the rounded off contents of a cell of one filament can pass over and unite with 
those of another The fertilized cell formed by this undifferentiated sexuahty surrounds 
Itself with a resistant membrane (c) It can survive drought, and m favourable con- 
ditions divides successively lengthwise to form a new filamentous plant In some algae 
a moule ciliated gamete or sperm is distmguishable from a non-motile larger egg cell 
The gametes are not visibly distmct m Spirogyra 


the neck* One and only one of the many which are swimming near the surface 
fuses bodily with the egg cell 

The ovum is then said to be fertilized and divides mto two like a spore* 
Each daughter cell divides mto two— and so on — forming a mass of c^ or 
embryo which does not become a prothallus It soon develops an up-growmg 
shoot and a doxvn-growmg root stock with tissues charactenstic of the fern 
The prothallus dies as the embryo grows mto a recognizable fern plant Thus 
ferns show a regular alternation of generations — ^the sexless green fern plant 
which IS fitted to exposed conditions and produces spores which wtthkand 
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droughty and the less conspicuous^ more ephemeral, sexual piothallus which 
produces eggs and sperm Its eggs and sperms resemble those of a human 
being or an oyster more closely than the eggs and sperms of a shnmp resemble 
those of a bird Hence it is not difficult to realize how growmg knowledge of 
the reproduction of the lower plants stimulaied the study of reproduction 
m the lower animals and provided the clue to new features of the sexual 
process m the higher ones 

Sexual reproduction m the true mosses (as opposed to the dub mosses 
which are really like ferns) and hverworts is very much hke that of ferns 
There are two generations — a sexual and an asexual The important difference 
is that what we ordinarily call the moss plant or the hverwort is the sexual 
generation The asexual plant which produces its spores, while still remaining 
more or less completely parasitic on the sexual generation and still attached 
to It, like the young fern plant m Fig 403, never grows true leaves It dies 
after producmg spores m a smgle capsule at the end of a leafless shoot, while 
the sexual plant hves on The body of the hverworts found on wet walls and 
rocks by streams has no distmct leaves and is mdeed vexy much like that of 
the sexual fem plant or prothallus — a flat plate of cells several layers thick 
with root hairs on the underside (Fig 404) The ovaries and testes produced 
on the upper surface are m other ways as much like those of one fern as 
those of one fem are hke those of another, and the spermatozoa are motile 
with two long vibratde filaments or ciha The underl5mig resemblance of 
reproducuon m flowermg and non-flowermg plants will be discussed later 


ANIMAL REPRODUCTION 

The material basis of the reproducuve process m animals as we now know 
It has been advanced gready by the mvention of an mstrument called the 
microtome On a smaller sc^e a microtome is essentially like the machine 
used m large grocery stores for cuttmg rashers of bacon. Animal tissues arc 
generally too soft to be cut by hand mto secuons of suitable thickness for 
microscopic study They are first killed by treatment with a “fixative” 
mixture, e g a saturated solution of picnc aad and formalin This preserves 
the appearance seen m life without much shrinkage They are then embedded 
m wax To do this the water is taken out of small pieces of fixed tissue by 
successive immersion in alcohol, which itself freely mixes with wax solvents 
hke benzene or chloroform They are then put mto a wax solvent, and thence 
transferred to hqmd parafiin wax kept just above its meltmg pomt 

When the wax block containing the tissue is cut on the microtome, suc- 
cessive sections adhere to form a ribbon, so that the order of the sections is 
preserved. By means of flat plasncme or beeswax models of a sequence of 
sections of a small organ or animal, a complete sohd picture can then be built 
up, if xreqmred. These wax ribbons produced by the microtome are stuck on 
a glass shde by a litde eggwhite which coagulates when warmed. The wax is 
then dissolved away with a wax solvent (like chloroform or benzene), and 
the glass shdes are stamed with dyes which affect different tissues or parts 
of a smgle cell to a different extent. The sections are finally immersed m a 
mixture called Canada Balsam which sets hard, has the same xedSractive mdex 
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Fig 406 —Primitive Sexuality in a Simple Fungus 

The simple fungi called moulds on old cheese, bread or jam arc filaments like the simple 
algae Sometimes the branchmg filaments which form a mat on the surface of decaymg 
vegetable matter or in animal tissues (like rmgworm) are divided mto separate cells 
like those of Spirogyra Sometimes they contam many nuclei with no separating cell 
walls The essential difference between algae and fungi is that the latter have no pig- 
ments which enable them to make starch, and are only able to exist by using decaymg 
orgamc matter or by parasitic habits They reproduce mainly by formmg asexual 
drought-resistmg spores which are smgle cells In addition like the algae they have a 
primitive type of sexuality, as shewn m this figure which illustrates the microscopic 
picture of reproduction m the mould called Mucor which grows on dry bread* 


It will clarify the present state of knowledge about the material basis of 
parenthood m animals, if we base the ensuing acoonnt mainly on one common 
speaes, the ftog, whose reproductive processes are easy to examine The 
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droughty and the less conspicuous^ more ephemeral, sexual piothallus which 
produces eggs and sperm Its eggs and sperms resemble those of a human 
being or an oyster more closely than the eggs and sperms of a shnmp resemble 
those of a bird Hence it is not difficult to realize how growmg knowledge of 
the reproduction of the lower plants stimulaied the study of reproduction 
m the lower animals and provided the clue to new features of the sexual 
process m the higher ones 

Sexual reproduction m the true mosses (as opposed to the dub mosses 
which are really like ferns) and hverworts is very much hke that of ferns 
There are two generations — a sexual and an asexual The important difference 
is that what we ordinarily call the moss plant or the hverwort is the sexual 
generation The asexual plant which produces its spores, while still remaining 
more or less completely parasitic on the sexual generation and still attached 
to It, like the young fern plant m Fig 403, never grows true leaves It dies 
after producmg spores m a smgle capsule at the end of a leafless shoot, while 
the sexual plant hves on The body of the hverworts found on wet walls and 
rocks by streams has no distmct leaves and is mdeed vexy much like that of 
the sexual fem plant or prothallus — a flat plate of cells several layers thick 
with root hairs on the underside (Fig 404) The ovaries and testes produced 
on the upper surface are m other ways as much like those of one fern as 
those of one fem are hke those of another, and the spermatozoa are motile 
with two long vibratde filaments or ciha The underl5mig resemblance of 
reproducuon m flowermg and non-flowermg plants will be discussed later 


ANIMAL REPRODUCTION 

The material basis of the reproducuve process m animals as we now know 
It has been advanced gready by the mvention of an mstrument called the 
microtome On a smaller sc^e a microtome is essentially like the machine 
used m large grocery stores for cuttmg rashers of bacon. Animal tissues arc 
generally too soft to be cut by hand mto secuons of suitable thickness for 
microscopic study They are first killed by treatment with a “fixative” 
mixture, e g a saturated solution of picnc aad and formalin This preserves 
the appearance seen m life without much shrinkage They are then embedded 
m wax To do this the water is taken out of small pieces of fixed tissue by 
successive immersion in alcohol, which itself freely mixes with wax solvents 
hke benzene or chloroform They are then put mto a wax solvent, and thence 
transferred to hqmd parafiin wax kept just above its meltmg pomt 

When the wax block containing the tissue is cut on the microtome, suc- 
cessive sections adhere to form a ribbon, so that the order of the sections is 
preserved. By means of flat plasncme or beeswax models of a sequence of 
sections of a small organ or animal, a complete sohd picture can then be built 
up, if xreqmred. These wax ribbons produced by the microtome are stuck on 
a glass shde by a litde eggwhite which coagulates when warmed. The wax is 
then dissolved away with a wax solvent (like chloroform or benzene), and 
the glass shdes are stamed with dyes which affect different tissues or parts 
of a smgle cell to a different extent. The sections are finally immersed m a 
mixture called Canada Balsam which sets hard, has the same xedSractive mdex 
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c^^tuxCj ’Sj m dHuxi&ls^ tiic union of cnc spwini with one All thst 
we now mean by ’nhcntance from the fatner .s the mateiial substance of 
the sperm All that we mean by inheritance from the mother is the material 
of wJtuch the egg is composed 

As we now use the terms, an animal that pioduces eggs is a /ef/u/e An 
animal thai prod^ices sperm is a male The eggs aie produced m masses, 
which are called ovaries, withm the body of the female The sperm are pro- 
duced m a slimy secreuon, the semmal fluid, by organs Imown as testes 
(Figs 397 and 408) Collecti\ely ovaries and testes are referred to as ^oizaas 
In the female frog the ovaries occupy a large part of the body cavity in the 


oi-nnjC>^ 



Fig 408 — Organs of Nitrogenous Excretion and of Reproduction in the Prog, 

Sein in Ventral View 

(The position of the left ovary is indicated m shading only ) 

trunk region They are masses of eggs in different stages of growth Two 
coiled white tubes {pmducti) convey them to the extenor at the breeding 
season With the excretory orifices the oviducts discharge mto a short tube, 
the cloaca, between the legs In the male there are two yellow or white bodies 
of elhpsoidal shape — ^the testes — ^lymg over the kidneys and communicating 
with the extenor by the same duct or passage which conveys the urme to the 
common excretory onfice (Fig 408) At the breeding season, when the eggs 
m the ovanes are npe, they can be fertilized after removal firom the body 
If kept m clean water they wiU not develop, unless a drop of semmal flmd, 
which can be prepared by crushing up the testis of a male in tap water, is 
added 

The sperms of nearly all animals are very much alike and are always of 
microscopic dimensions Eggs on the other hand vary greatly at the time 
of fertilization The egg of an ostrich weighs several pounds In the human 
female an egg about half the size of a full stop as prmted on this page is 

an* 
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droughty and the less conspicuous^ more ephemeral, sexual piothallus which 
produces eggs and sperm Its eggs and sperms resemble those of a human 
being or an oyster more closely than the eggs and sperms of a shnmp resemble 
those of a bird Hence it is not difficult to realize how growmg knowledge of 
the reproduction of the lower plants stimulaied the study of reproduction 
m the lower animals and provided the clue to new features of the sexual 
process m the higher ones 

Sexual reproduction m the true mosses (as opposed to the dub mosses 
which are really like ferns) and hverworts is very much hke that of ferns 
There are two generations — a sexual and an asexual The important difference 
is that what we ordinarily call the moss plant or the hverwort is the sexual 
generation The asexual plant which produces its spores, while still remaining 
more or less completely parasitic on the sexual generation and still attached 
to It, like the young fern plant m Fig 403, never grows true leaves It dies 
after producmg spores m a smgle capsule at the end of a leafless shoot, while 
the sexual plant hves on The body of the hverworts found on wet walls and 
rocks by streams has no distmct leaves and is mdeed vexy much like that of 
the sexual fem plant or prothallus — a flat plate of cells several layers thick 
with root hairs on the underside (Fig 404) The ovaries and testes produced 
on the upper surface are m other ways as much like those of one fern as 
those of one fem are hke those of another, and the spermatozoa are motile 
with two long vibratde filaments or ciha The underl5mig resemblance of 
reproducuon m flowermg and non-flowermg plants will be discussed later 


ANIMAL REPRODUCTION 

The material basis of the reproducuve process m animals as we now know 
It has been advanced gready by the mvention of an mstrument called the 
microtome On a smaller sc^e a microtome is essentially like the machine 
used m large grocery stores for cuttmg rashers of bacon. Animal tissues arc 
generally too soft to be cut by hand mto secuons of suitable thickness for 
microscopic study They are first killed by treatment with a “fixative” 
mixture, e g a saturated solution of picnc aad and formalin This preserves 
the appearance seen m life without much shrinkage They are then embedded 
m wax To do this the water is taken out of small pieces of fixed tissue by 
successive immersion in alcohol, which itself freely mixes with wax solvents 
hke benzene or chloroform They are then put mto a wax solvent, and thence 
transferred to hqmd parafiin wax kept just above its meltmg pomt 

When the wax block containing the tissue is cut on the microtome, suc- 
cessive sections adhere to form a ribbon, so that the order of the sections is 
preserved. By means of flat plasncme or beeswax models of a sequence of 
sections of a small organ or animal, a complete sohd picture can then be built 
up, if xreqmred. These wax ribbons produced by the microtome are stuck on 
a glass shde by a litde eggwhite which coagulates when warmed. The wax is 
then dissolved away with a wax solvent (like chloroform or benzene), and 
the glass shdes are stamed with dyes which affect different tissues or parts 
of a smgle cell to a different extent. The sections are finally immersed m a 
mixture called Canada Balsam which sets hard, has the same xedSractive mdex 
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m the fiiily formed egg, veiy young eggs from me ovary of different animals 
are remarkably alike 

The female frog lays her eggs embedded m masses of a clear jelly, analogous 
to the albumen of a fowl’s egg and hke\Mse secieted oy the vail of the oviduct 
They have no shell So we can study what follows ferulisation more easily 
in the frog than m an ammal whose eggs are protected by an opaque 
envelope or develop to a late stage in the body of me mother Once the 
sperm has made its way mto the egg a change occurs m its outermost layer 
No other sperm can now penetiate it In the sea-mchm’s egg and that of 
some lower plants this change is easily visible A stiff membiane is imme- 
diately produced (Fig 407) About thiee and a half hours after fertilization 
a furrow appears on the surface of the fiog’s egg, which divides mto two The 
separation is complete about four hours after fertilization The two halves, 
which are called cells^ do not separate to start separate hves of their own 
They remam connected and divide agam The process is repeated again and 
agam until, within twenty-four hours after fertilization, the black egg, as 
can be distmcdy seen with a simple lens, is a hollow ball of many such cells 
(Fig 410) Thenceforth changes take place m the rate of moltiphcation of the 
cells m different regions From different groups of cells the vanous charac- 
teristic structures or organs of the body begm to take shape 

The details of development vary considerably m different aniTnalR Eggs 
with a large amount of food stored m them do not divide as a whole The 
fowl’s egg IS an example After the sperm nucleus has umted with the egg 
nucleus, which hes in the clear circular area on the side of the yolk of an 
infertile fowl’s egg, the combmed nucleus divides m the usual way, but only 
a small part of the fowl’s yolk is partitioned off round each cell (Fig 411) So 
the embryo is at first a small plate of cells lymg on the surface of the remain- 
mg yolk and growmg at its expense The domestic fowl lays eggs at defimre 
intervals — high-laymg strams like the White Leghorn about twenty-six 
hours The eggs are deposited whether they are femhzed or not 


THE CELLULAR STRUCTURE OF THE LIVING BODY 

The cells of the frog embryo are all very much alike at first and resemble 
a very small egg from the ovary The cells of different parts of the body m 
the tadpole or adult frog are not all alike m size or shape They all resemble 
one another in possessmg a structure known as the nucleus^ which is very 
promment as a clear spherical body m the immature eggs When cells divide, 
the nucleus divides m a very charactensuc way 

Microscopic sections of the tesus show that, like other organs of the body, it 
IS composed of cells Its cells are constantly dividing to provide new sperm 
Each sperm is formed from a smgle cell of the testis, the head or thick 
portion of the sperm bemg the nucleus In a similar way, ^gs are produced 
by ceU chvision in the ovary When the sperm penetrates the egg, the tail 
or flagellum is either sloughed off or absorbed The body or nucleus 
swells up and unites with the nucleus of the m preparation for the first 
‘‘segmentation’* division (Pigs 409 and 410). 

the testis or ovary, the stibstance of all the organs of the animal 
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droughty and the less conspicuous^ more ephemeral, sexual piothallus which 
produces eggs and sperm Its eggs and sperms resemble those of a human 
being or an oyster more closely than the eggs and sperms of a shnmp resemble 
those of a bird Hence it is not difficult to realize how growmg knowledge of 
the reproduction of the lower plants stimulaied the study of reproduction 
m the lower animals and provided the clue to new features of the sexual 
process m the higher ones 

Sexual reproduction m the true mosses (as opposed to the dub mosses 
which are really like ferns) and hverworts is very much hke that of ferns 
There are two generations — a sexual and an asexual The important difference 
is that what we ordinarily call the moss plant or the hverwort is the sexual 
generation The asexual plant which produces its spores, while still remaining 
more or less completely parasitic on the sexual generation and still attached 
to It, like the young fern plant m Fig 403, never grows true leaves It dies 
after producmg spores m a smgle capsule at the end of a leafless shoot, while 
the sexual plant hves on The body of the hverworts found on wet walls and 
rocks by streams has no distmct leaves and is mdeed vexy much like that of 
the sexual fem plant or prothallus — a flat plate of cells several layers thick 
with root hairs on the underside (Fig 404) The ovaries and testes produced 
on the upper surface are m other ways as much like those of one fern as 
those of one fem are hke those of another, and the spermatozoa are motile 
with two long vibratde filaments or ciha The underl5mig resemblance of 
reproducuon m flowermg and non-flowermg plants will be discussed later 


ANIMAL REPRODUCTION 

The material basis of the reproducuve process m animals as we now know 
It has been advanced gready by the mvention of an mstrument called the 
microtome On a smaller sc^e a microtome is essentially like the machine 
used m large grocery stores for cuttmg rashers of bacon. Animal tissues arc 
generally too soft to be cut by hand mto secuons of suitable thickness for 
microscopic study They are first killed by treatment with a “fixative” 
mixture, e g a saturated solution of picnc aad and formalin This preserves 
the appearance seen m life without much shrinkage They are then embedded 
m wax To do this the water is taken out of small pieces of fixed tissue by 
successive immersion in alcohol, which itself freely mixes with wax solvents 
hke benzene or chloroform They are then put mto a wax solvent, and thence 
transferred to hqmd parafiin wax kept just above its meltmg pomt 

When the wax block containing the tissue is cut on the microtome, suc- 
cessive sections adhere to form a ribbon, so that the order of the sections is 
preserved. By means of flat plasncme or beeswax models of a sequence of 
sections of a small organ or animal, a complete sohd picture can then be built 
up, if xreqmred. These wax ribbons produced by the microtome are stuck on 
a glass shde by a litde eggwhite which coagulates when warmed. The wax is 
then dissolved away with a wax solvent (like chloroform or benzene), and 
the glass shdes are stamed with dyes which affect different tissues or parts 
of a smgle cell to a different extent. The sections are finally immersed m a 
mixture called Canada Balsam which sets hard, has the same xedSractive mdex 
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To obseive directly the surpnsmg fact that only one sperm enters the egg 
of an animal in the act of fertilization calls for good microscopic technique 
and good powers of patient observation We may well doubt whether the 
search would have been brought to a successful conclusxcn, if the work of 
botamsts had not provided soLd ground for hope Wnen motile sperms 
were discovered m flowerless plants, plant micrcscooisis were alreadj^ 
familiar with the faa that a smgle pollen gram penetrates a single ovule 
They were naturally disposed to expioie the possibJity that the egg of a 
fem prothallus or moss plant is fertilized by a smgle speim Tne discovery of 
sperms and egg cells, essentially hke those of so many marme animals, in 
mosses and ferns made it difficult to doubt that the umon of two cells is 
the fundamental feature of sexual reproduction common to ammals and plants 
Progress m knowledge of animal reproducuon durmg the first half of the 
mneteenth century was a by-product of new soaal needs which stimulated 
enquiry mto the propagation of plants and of new means of mvestigation 
made possible by techmcal improvements of optical mstruments The new 
botany furmshed the clues for further msight mto the knowledge of se\ and 
development among animals When the twentieth centmy dawned, the science 
of animal breedmg received a spectacular impetus from the study of plant 
hybridization, and reaped a nch harvest firom the knowledge which had 
accumulated meanwhile (see Chapter XXI) 

THE PHYSICAL NATUKE OF FERTILIZATION 

The entry of the sperm is a physical event associated with matenal changes 
m the egg, and these changes are capable of bemg imitated One of them is 
an mcrease of permeabihty to dissolved substances Physical agents which 
change the semi-permeable property of the egg periphery are capable of 
startmg the process of cleavage without the aid of the sperm In 1899 the 
brilliant American biologist, Jacques Loeb, discovered that eggs of a sea- 
urchm placed m a mixture of sea water and magnesium chloride about twice 
the molar concentration of sea water, grew mto free-swnnmung larvae He 
found later that this was not due to the specific action of magnesium, smee 
sea water made more concentrated with a variety of substances would do 
exactly the same Moreover, the concentration of each substance which was 
most effective, m producing the greatest number of successes, was found to 
be such as to exert a deSmte osmotic pressure It had to have a measurable 
and fixed power of withdrawing water firom the egg Subsequently Loeb 
found that by prehminary msemon of the ^gs m acidified sea water, 100 per 
cent fertilization could be obtamed The strength of aad is related to the 
ease with which it wall pass through the fiitty outside layer of the egg By 
vanous methods artifici^ parthenogenesis has now been earned out with a 
variety of speaes The firog^s egg will develop without the aid of the sperm 
if pneked with a fine glass fibre Fatherless tadpoles have actually been raised 
through the metamorphosis stage to the adult condition 

DEVELOPAIENT OF THE ANIMAL BODY 

The development of the of a firog, as described by Newport and his 
successors, has a very great advantage over that of other forms as an aid to 
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droughty and the less conspicuous^ more ephemeral, sexual piothallus which 
produces eggs and sperm Its eggs and sperms resemble those of a human 
being or an oyster more closely than the eggs and sperms of a shnmp resemble 
those of a bird Hence it is not difficult to realize how growmg knowledge of 
the reproduction of the lower plants stimulaied the study of reproduction 
m the lower animals and provided the clue to new features of the sexual 
process m the higher ones 

Sexual reproduction m the true mosses (as opposed to the dub mosses 
which are really like ferns) and hverworts is very much hke that of ferns 
There are two generations — a sexual and an asexual The important difference 
is that what we ordinarily call the moss plant or the hverwort is the sexual 
generation The asexual plant which produces its spores, while still remaining 
more or less completely parasitic on the sexual generation and still attached 
to It, like the young fern plant m Fig 403, never grows true leaves It dies 
after producmg spores m a smgle capsule at the end of a leafless shoot, while 
the sexual plant hves on The body of the hverworts found on wet walls and 
rocks by streams has no distmct leaves and is mdeed vexy much like that of 
the sexual fem plant or prothallus — a flat plate of cells several layers thick 
with root hairs on the underside (Fig 404) The ovaries and testes produced 
on the upper surface are m other ways as much like those of one fern as 
those of one fem are hke those of another, and the spermatozoa are motile 
with two long vibratde filaments or ciha The underl5mig resemblance of 
reproducuon m flowermg and non-flowermg plants will be discussed later 


ANIMAL REPRODUCTION 

The material basis of the reproducuve process m animals as we now know 
It has been advanced gready by the mvention of an mstrument called the 
microtome On a smaller sc^e a microtome is essentially like the machine 
used m large grocery stores for cuttmg rashers of bacon. Animal tissues arc 
generally too soft to be cut by hand mto secuons of suitable thickness for 
microscopic study They are first killed by treatment with a “fixative” 
mixture, e g a saturated solution of picnc aad and formalin This preserves 
the appearance seen m life without much shrinkage They are then embedded 
m wax To do this the water is taken out of small pieces of fixed tissue by 
successive immersion in alcohol, which itself freely mixes with wax solvents 
hke benzene or chloroform They are then put mto a wax solvent, and thence 
transferred to hqmd parafiin wax kept just above its meltmg pomt 

When the wax block containing the tissue is cut on the microtome, suc- 
cessive sections adhere to form a ribbon, so that the order of the sections is 
preserved. By means of flat plasncme or beeswax models of a sequence of 
sections of a small organ or animal, a complete sohd picture can then be built 
up, if xreqmred. These wax ribbons produced by the microtome are stuck on 
a glass shde by a litde eggwhite which coagulates when warmed. The wax is 
then dissolved away with a wax solvent (like chloroform or benzene), and 
the glass shdes are stamed with dyes which affect different tissues or parts 
of a smgle cell to a different extent. The sections are finally immersed m a 
mixture called Canada Balsam which sets hard, has the same xedSractive mdex 
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hor'zorta o^are, and separates orf a uet of cells v, n:ch contain black pigment 
from £ ner of seme ’Hat laiger co’ooi-less cells Successive divisions take 
place m all planes /i noEou spi>ere 'a tdus formed Tiie cells of the lower 
part are relau' ciy '’arge* and contain to oiack oigi.:ent 
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Fig 411 — Eakly Stagbs in xnii Development of the Iigg of the Domestic Fowl 

(A) Diagram of unfertilized egg 

(B) Six stages m the segmentation of the germinal disc 

(C) Verucal section through the germinal disc when segmentation is complete 

up to this stage the only hint of any difFerentiatioii of the immature 
bemg, or embryOi into sepsrate tissues or organs is the demarcation betwt^ 
the upper zone of smaller black: cells and the lowerzone (Fig 410,/) comjkP^d 
a somewhat irregular mass of cells rich m stota|:e material or yoHj }Iow 
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begins the stage of organ building Soon almost the entire surface of the 
embryo is covered with a layer of small pigmented cells^ the large unpig- 
mented cells bemg evident only at one end^ the yolk plug This is destmeai 
to be the posterior end of the tadpole 

Now begms the differentiation of two systems of organs charactenstic 
of the adult ammal — the gut or alimentary cana l and the central nervous 
system The black outer covermg of ceds forms a disti n ct lip over the yolk 
plug on one side A small chink beneath this hp grows mws^rds, enlargmg 
as It grows This is the rudiment of the alimentary cavity (Fig ^ 10, A) of the 

eJlardbofis 



At first the embryo was flattened against the yolk, and its gut was wide open to the 
yolk ventrally Now it has gathered itself together and pmched itself off from the yolk 
with which, however, it still remains connected by a stalk A thm layer of highly 
vascular ussue has spread over the yolk and is drawing nourishment from it The 
embryo, wluch shews the rudiments of eyes, limbs, and gill shts, is protected by a 
dome-hke membrane, the amnion^ which contains fluid and acts like a water cushion 
The allantois is growmg out from the hmd gut As the yolk-sac and albumen dimmish 
It will grow right roimd the embryo, becommg connected with the air-space and the 
shell, and servmg as a respiratory organ At the end of development the stalk of the 
allantois becomes the urinary bladder 


tadpole It IS the embryomc gut Meanwhile a groove appears on the surface 
of the embryo from the region just above the lip already referred to The 
groove IS wider in front, and as it deepens, its edges grow up, and coalesce, 
so that a tube is formed baieath a thm covering of ceUs. This tube, broadest 
at the futile head end, is the rudiment of the spinal cord and bram which 
retam a cavity throughout life m all vertebrates While this has beoa going 
on, cavitation of the mass of mtemal unpigmented cells has progressed 
mwards fixHU the yolk plug 

The original cavity of the sphere has been oblkeratecL The new cavity 
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excavated inwaras from the yolk plug will oitimately become the cavity of 
the alimentary canal As cavitation pioceeds, a belt of cells is separated off 
from the mass of colourless cells which form the innermost part of the embryo 
This belt of tissue (tnesoderrn) is derived from cells which migrated mwards 
from the hps surrounding the >olk plug ana is destmed to give nse to the 
bod> musculature, mdudxng the walls of the blood vessels which arise as 
canals m it Beneath the dorsal rudiment of the central nervous system a rod 
of tissue is detached from the roof of the primitive gut m the mid-dorsal Ime. 



Fig 413 — The Young Embryo Mammal and its Accessory Membranes — 

Very Diagrammatic 

The double outer membrane m this figure is m part formed at a very early stage, and 
m part later, as a by-product of the development of the amnion The “yolk-sac” 
contains no yolk, but is so called because it corresponds m development and structural 
relations with the functional yolk-sac of birds and reptiles In kangaroos and opossums 
the yolk-sac is large and receives nourishment for the embryo from the utenne wall 
durmg the short pregnancy In higher mammals it may function m this way early m 
development, but this work is soon taken over by the allantois, which fuses with the 
outer membrane of this diagram, and with the utenne wall to form the placenta 
(Fig 414) 


The cells of this rod later become vacuolated, and the structure constitutes a 
stiff skeletal axis, the notochord Aroimd the notochord, which is found in 
all vertebrate embryos, the vertebral column is built up at a later stage 
The development of the egg of the fowl or of the human being differs 
m one important respect £mm that of the frog or of a fish Segmentation 
m the fowl and m man leads to the formation of a number of membranes 
which enclose the embryo before birth, but are discharged at the end of 
the embryomc life. After fertilization, the nucleus of a fowl’s egg divides 
repeatedly, but as the yolk does not ^ divide with the nuclei, a thin plate 
of cells IS demarcated on the surface of the remaining yolk (Fig 411). 
This plate of cdUs grows over the surftice of the egg, and gives nse to a sac 
enclosing the yolk and to a senes of envdopes which wrap round the embryo 
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proper (Fig 412) The remains of the yolk sac are often present at the time of 
hatchmg 

The human egg cell has practically no yolk, and it develops at first mto 
a hollow ball of ceils hke the egg of the frog, but only a part of this hoUovv 
sphere grows mto the body of the embryo Like the embryo fowl, the 
embryomc human bemg is mvestcd with a senes of envelopes These enve- 
lopes, more especially the allantois (Figs 411 to 413), enter mto very close 
connexion with the wall of the womb, which is specially well supphed with 
blood vessels durmg the rune months dunng which development completes 
Itself withm the body of the mother The structure formed by this fusion 
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Fig 414 — Human Foftus in the Uterus About Two Months After Conception 

The black lines m the placenta represent diagrammatically the capillaries containing 
the blood of the foetus, and the dotted spaces connect with the blood system of the 
mother The arrows show the circulation of the blood m both 


of maternal and embryomc tissues is called tixe placenta (Fig 414) By diffusion 
of nutnent matter through the thin films of tissue which separate the blood 
vessels of the mother from those of the embryo, the latter is able to grow 
m spite of the fact that the egg itself has no storage A feature common to the 
development of the fowl and the mammahan egg is the fact that, though 
It will develop mto a land animal, the embryo at a certam stage has clefts on 
the side of the throat like those through which water passes over the gills 
of the tadpole or adult fish. 


METAMORPHOSIS 

After the embryo of the frog has reached the stage when the gut rudiment 
and the b^nnmgs of the nervous system have be^ differentiated, it grows 
more rapidly m the axis parallel to the length of the spinal cord After about 
a fortru^t the head and ta4 ends are distinguishable* The tnwsdes of the 
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tali are sufficiently acti^ e to enaole tne ercbn c to wnggle out of the mass 
of jeEy m which the eggs are laic Independent ei^stence starts Unlike our- 
selves, the frog does not begin its sepaia.e e\-SLence v^ith an organization 
very much like the se^^ally mature form Tde hcmau oaby at birth is essen- 
tially an immatme adiilr The chief djiSerenre is taat it .-'as "no reeih, and e\en 
after it acquires teetn it has to siiec one set of tnem cefore the permanent 
set appear The sexual organs are immaoire anc emaja so until about the 
age of fourteen, v/hen certam nunoa distinctions bet\' ecn the se\es {seco 7 Zdary 
sexual cka^actejs) such as the pitch of voxce, pre^'ence ofhaj: cn the upper lip 



Fig 41 “} — ViRY Diagrammatic Horizontal Section of a Young Tadpole, 
Shewing on the Left an Early Stage in which the Expernal Gills are Fully 
Developed, and on the Right a Laier Stage, when the External Gills have 
Disappeared, the Gill-clefts have Broken Through and are Protected by a 
Gill Cover or Operculum 


and cbm of the male, and enlargement of the milk glands m the female, 
become evident 

Otherwise a human adult is m most respects, anatomically speaking, a 
grown-up baby The embryo of the frog, which has hitherto grown at the 
expense of food or “yolk” stored m the egg, is very different firom the adult 
when it first starts mdependent feedmg It breathes hke a fiish by gills and 
not by lungs The arterial system is essentially fish-hke It has no fore-limbs 
and only the tuuest rudiments of hmd-hmbs. It possesses a tail 

On each side of the throat m the newly hatched tadpole of the fiog, shortly 
after the time of hatching out, there are four clefts which later oommmucate 
with the extenor and with the throat, thus letting water pass fiom the rooulh 
outwards (Fig* 415). The walls between these ddfis are known as the gxU 
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arches From the first three gill arches there grow out on either side tufts 
of filaments well supphed with blood vessels These **extemal^^ gills disappear 
withm a few days. The gill clefts then break through and the sides of the gill 
arches become covered with folds of skm very richly supphed with blood 
vessels like the gills of a fish A fold of skm, the operculum, also similar to 
that of a fish, grows back over the gill clefts, as m many fishes, and conceals 
the giU from outside. The tadpole contmues to breathe partly by its skm 
and partly by passmg water over the gill clefts, which absorb the oxygen 
contamed m it, and at first it has no true lungs. This state of affairs is not 
permanent The tadpole Stage of the British common frog lasts only about 
three months An abrupt change supervenes, and m a very short time the 
adult charactenstics are assumed This change is called the metamorphosts 
The precedmg phase or tadpole stage is spoken of as the larval period At 
metamorphosis the hmd-limbs, which m the half-grown tadpole are tmy 
rudiments, begm to grow rapidly Then the rudiments of the fore-limbs 



Fig 416 — One-eyed Tadpole, Produced by Exposing the Yolk Plug Stage to 
THE Action of Lithium Chloride 

break through the skm Finally the gill clefts begm to close up, and the tail 
shrinks A four-legged, air-breathmg, tailless adult emerges on to land 
The way m which an animal develops is a very difficult problem to under- 
stand, and we are only just beginning to do so It is possible to experiment 
with the development of a frog or toad just as it is possible to experiment with 
the heart or the stomach We can make the eggs of a frog or toad grow up 
mto mdividuals with two heads or two tails or with one eye on the top of 
the head mstead of two (Fig 416) One question about the development of 
the 6x)g which we are banning to imderstand is of considerable importance 
m medicme and agriculture. This is, what brmgs about the sudden trans- 
formation from the tadpole mto the adult forrn^ 

In the neck of the human being there is a flat lump of tissue known as 
the thyroid gland It is represented m the frog by a pair of ovoid bodies on 
either side of two large veins of the neck region In both man and the frog 
the thyroid ^and consists of small capsules of a jellyish material, and is very 
nchly supplied with blood vessds. Like the adre^ and pitmtary glands, 
two other structures which are somewhat like the digestive glands m texture. 
It has no duct. Such organs are for that reason sometimes called ductless 
glands The jdlyish matmal of the thyroid gland is peculiar m that it con- 
tains a compound of lodme, an dement not found m other tissues of the 
a nim a l body. Whm the thyroid gland of any animal is given as food to young 
tadpoles th^ start to develop limbs and to lose their tails very rapidly. 
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A large American frog, which normally hves for two years m water as a 
tadpole, will undergo metamorphosis within six weeks from hatchmg, if fed 
on thyroid gland mstead of ordinary meat The thyroid gland of the tadpole 
can be removed by a comparatively simple surgical operation about the 
of hatchmg, and tadpoles deprived of their thyroid glands, though otherwise 
normal, will go on growmg for years without undergomg metamorphosis 
They never assume the adult characteristics Among human bemgs there is 
a disease of infancy known as crettmsm Its characteristics mdude permanent 
undergrowth and persistence of childish characteristics It can now be cured, 
as these cretm tadpoles can be cured, by givmg th 3 rroid gland (dned and 
m the form of a pill) as medicme Metamorphosis occurs when the thyroid 
gland begms to pour its secretion mto the blood Tadpoles can also be pre- 
vented from developmg mto the adult form if kept m water free of any trace 
of lodme compounds 

The thyroid lodme compound can now be manufactured from pure 
chemicals m the laboratory In districts where there is httle lodme m the 
soil or drinking water — ^as m parts of Switzerland — ^thyroid deficiency 
diseases such as goitre are common Pigs are specially sensitive to lodme 
deficiency, and there have been big losses of pig stock m certam parts of 
America on this accoxmt The losses m the State of Montana m 1916 repre- 
sented about £1,000,000 Successful pig farming is now possible m such 
locahties, because a small quantity of an lodme salt added to the diet is 
suffiaent to safeguard the pig breeder 

HEREDITY AND ENVIRONMENT 

There is a local variety of the Mexican salamander, which never grows 
mto the land form m nature It remams a sort of tadpole called the axolotl^ 
and breeds m the immature state Though a smgle meal of ox-th 3 rroid suffices 
to turn It mto a land salamander m six weeks, supplymg it with iodine does 
not make it develop mto a land form like that of similar salamander larvae 
m other locahties Its own thyroid does not have the power to use lodme The 
Mexican salamander does not develop mto the land form m nature, because 
It whents from its ancestors an inefficient thyroid gland Tadpoles m moun- 
tam lakes sometimes fail to develop because there is msuffiaent lodme m 
their enfotromnent 

This gives us an opportumty for examining two words used very loosely 
by people who have no biological training By inheritance we simply mean 
the stuff which the sperm and the ^g contribute to the new being How that 
stuff will shape depends partly on what sort of stuff it is, that is to say, on what 
sort of parents it came i^m, and partly on the surroundmgsm which it finds 
Itself Before the nature of reproduction was understood as we understand 
It today, it was generally beheved that any bodily change whidh results from 
a chan^ in our surroundings can be transmitted to cur children. Expenment 
does not support this view, which was commonly beheved in the past and 
was stated m a very esphat form by Lamarck m his PMosofiue 2!^Jogique. 
The hereditary stuff does occasionally undergo great changes. Sports appw, 
and breed true to their new characteristics. Otherwise the same mafejals 
are transmitted from generation to generation unchanged through the sperm 
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and the egg Heredity and environment are different aspects of develop- 
ment What we trihent ts a capacity to develop tn a parttcidar zoay tn a parUcidar 
environment 

When the Lamarckian prmciple was first challenged, even promment 
saentists were wilbng to beheve febles such as the story that a cock deprived 
of one eye transmits eye-defects to all his offsprmg When it was conclusively 
proved that mutilations effected through several generauons left no impress 
on the hereditable characters of the stock, the Lamarckians fell back on the 
gratuitous defence that only “adaptive” chaises could be transmitted The 
precise me aning of the adjective was never defined No reason was forth- 
coming to suggest how the gonads could discriminate between mutilations 
and bodily changes that are “adaptive ” 

The doctnne of Lamarck was first called m question durmg the decade 
when the nature of fertilization was finally eluadated To imderstand the 
tenacity with which the behef m the Lamarckian pnnaple has clui^ to 
biological thought, we have to remember that the microscopic study of 
development is the most recently developed branch of anatonucal science 
So until the middle of the nmeteenth century, the current conception of 
inheritance m biology was closely analogous to the legal notion The parent 
was supposed to hand on its characters to the o&prmg m the same sense as 
the well-to-do hand on their belongirgs While so erroneous a doctnne as 
preformation could prevail, the so-called inhentance of acquired characters 
seemed a perfecdy reasonable view 

One question of special mterest m connection with development anses 
ftom one of the earhest biotechmcal mventions of mankmd Between the ages 
of twelve to seventeen there is more or less abrupt development of what 
we have already called the “seomdaxy sexual characters” m girls and boys 
The age of puberty may be compared to the penod of metamorphosis m the 
fiog At puberty, so called because of the appearance of hair on the pubic 
r^on (le the region where the legs jom die trunk), the ovan^ begm to 
hberate egg ceUs and the testes begm to manufacture seminal flmd The 
development of the secondary sexual characters, e g bass voice and beard of 
the can be prevented by removal of the gonads, just as the meta- 

morphosis of the ftog can be prevented by removal of the ^ytoid glands 

Just as the loss of the larval characters is dependent on the activity of the 
thyroid gland m frogs, toads, and salamanders, the assumption of the most 
obvious differences between the sexes m many other anunals also depends 
on the activity of the gonads In fiswls die hen will assume the plumage and 
spurs of the cod^ if &e ovary is removed at any tune m the life cycle One 
result of removal of the gonads (castration) is that the mdividual tends to 
deposit fat m die tissues, for wfaidh reason castration is practised in agn- 
culture From anaient times castration was practised m catde reaxing, for 
whidi a sin^e normal male suffices to serve a large number of females It 
was also rarxied out on the male of the human speaes Sudh individuals are 
called eunuchs Recent eapenments have opened new possituhties m 
biotechnology by throwing light on die ch^ical composition of the s&. 
secretions Before lai% th^ wdl he manufttctured m die laboratory, and the 
discoixtforts of the menopause may be alienated. 
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Fig 417 — Cell Division B'k Mnosis 


This hgure shews ratlier schematically the chief stages of mitotic cell division m an 
organism with four chromosomes m each of the ordinary cells of the body 1 Resting 
nucleus just before commencement of division 2 Spmdle foimmg and the four 
chromosomes distmct, each with the begmnmgs of a longitudinal split 3 The spmdle 
eiaends across the centre of the cell, the membrane enclosmg the nucleus dis- 
appeared, and the chromosomes are becoming short and thick 4 The compact 
chromosomes lie along the equator ot the cell 6 Chromosomes separating, cell elon- 
gatmg d Cell begmnmg to divide, daughter chromosomes beginning to become 
duGFuse and to run toge&er to form two new nuclei 7 Cell division complete and 
daughter nuclei entermg a new restmg phase 

of great importance to the modem practice of crop and stock breeding, as 
eicplamed m Chapter XXI One which was known to practical beekeepers 
m ancient tunes — ^mdeed Aristotle attacked the behef— is that the male 
bee or wasp is produced firom unfertilized eggs The female (queens and 
workers) are produced m the usual way In some animals the prdducts 
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fof the first segmentation divisions separate, and several embryos are pro- 
duced from one egg When this happens, as m the production of “identical 
twins” m the human species, the mdividuals produced &om a smgle egg 
are always of the same sex The mne-banded armadillo produces fitters of 
jfour young from a smgle egg Individuals of the same brood are always 
•of the same sex In related species of armadillos, which produce litters from 
several eggs shed at once, mdividuals of the same fitter may be either male 
or female Clearly somethmg which happens before segmentation begms 
deades the sex of the mdividual 



Fig 418 — Fertilization and the First Two Divisions of the Egg 

The species shewn has four chromosomes in the division of the ordinary body celfi 
The sperm and egg each contribute two 1 Penetration of sperm and formation of 
membrane preventmg the entry of other sperms (as m sea-urchins and starfish), 2 and 
3 swelling of the sperm nucleus, 4 and 5 union of sperm and egg nuclei, 6-10 die first 
two cleavage or segmentauon divisions of the egg 


The first fight on the problem suggested by these facts came when the 
behaviour of the cell nucleus m the process of fertilization and ordinary cell 
division was studied In microscopic preparations nudei of resting cells 
appear as vesicle containing a tangle of finely-sptm threads. At one side of 
the nucleus is a small area m the cell substance, the aiiractton sphere^ whose 
separation mto two parts heralds the mcepnon of cell division (Fig 417) 
As the two attraction spheres separate they appear to draw out the surround- 
ing cytoplasm mto a spindle of fine fibnis Meanwhile, changes have tafeen 
place m the nucleus it^lf The tangle of fine threads has resolved itself mto 
a number of readily distinguishable filaments called chromosomes^ each of 
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which IS akeady beginaoig tc split lengtLw-se into two halves They become 
piogressively shortCi., assuming the appeo^^ace of stout rods or blocks 
staining deeply with certain dyes sach as log^iooC Tne chromosomes ne^t 
arrange themselves on the equator of the spindie^ ar>d tre halves of each 
chromosome separate^ passmg to opposiie ends of spindle Then^ while 
the division of the cytoplasm completes ^tseif^ thc'^ spin oat age. n mto fine 
tnieads From mese the nuclei of the daughter cells are ap 

Thus each of the chromosomes m the nucleus of ai.13^ ceil structnrall} 





Fig 419 — ^Reduction Divisions in the Formation of Spermatozoa in the Testis 
OF A Species with Four Chromosomes in the Cells of the Dividinq Egg 



equivalent to a correspondmg chromosome m that of the precedmg and 
succeedmg cell generations In every species of organism the number of 
chromosomes which can be counted m dividing nuclei is constant, and the 
elaborate method just desenbed by which nuclei divide (rmtosts) ensures 
the mamtenance of this constancy. The important fact that the nuclei of 
any one speaes of animals are made up of a constant number of chromosomes 
when the cells divide was established during the seventies 
With this discovery a new problem arose. Durmg fertilization, as we have 
seen (Fig. 418), the nucleus of the sp&m umted with that of the egg to form 
a single nucleus of compound ongm. Why does this not result m a doublmg 
of the number of chromosomes m the nucleus m each generation? What 
ensures that esLcb generation has the same chromosome number as the last? 
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These questions can now be answered The formation of npe sperms or eggs 
IS the final stage of a long process of repeated cell-cL^rision withm the testes 
or ovaries AU of these divisions except one take place m the manner alread}^ 
described The last division bat one before the formation of the actual iipe 
gametes is pecuhar (Figs 419, 420) Just before this chvision^ tiie chiomo- 
somes come to he side by side m pairs — a process known as ^napm — and 
durmg the subsequent ^vision, when the stage correspondmg to 4 of 
Fig 417 IS reached, it is thes6 paors which he on the spmdle Instead of the 
chromosomes sphttmg m halves, as is normally the case, the pairs now part 
company, and one member of each pair goes mto each o£ the daughter cells 
Each of the resultmg cells, and therefore (as the next division is perfectly 
normal) each of the gametes, has exactly half the number of chromosomes 
characteristic of the speaes At fertihzation the normal number is therefore 
restored 

So every ordmary cell of an mdividual orgamsm has a chromosome set 



Fig 420 — ^Reduction in the Female 


The antecedent stages correspond with stages 1-4 m Fig 4 19 


of which half the members are paternal m origin and half maternal In both 
sexes the reduction division^ as this exceptional division of the nucleus is 
termed, occurs m the same way In the male it is followed by division of the 
rest of the cell, and each daughter cell divides agam m the normal manner, 
so that four sperms, each with half the typical chromosome number, result 
(Fig 419) Tn the female, although the nucleus divides twice, just as it does 
m the mie, the rest of the cell does not divide Only one of the four result- 
ing nuclei is retamed withm the egg-cell, the other three are extruded and 
degenerate, constitutmg the so-called polar-bodies (Fig 420). 

In many animals and plants it is possible to distmguish, among the chromo- 
somes, pairs Of different sizes and shapes — ^this is the case, for mstance, m 
the firmt-fliy DrosopMa — and it is possible to see that each gamete receives 
one r^resentative of each of the four pairs of chromosomes present m ordi- 
nary cdls (Fig. 421) Thus the nucleus of the fertilized egg divides so that 
the daughter nuclei of the first cleavage receives two representatives of each 
pair of chromosomes. Cell divisions follow m rapid succession durmg the 
up-buildmg of the embryo. Thus each cdl of an individual firmt-fly contains 
four pairs of dhromosomes, one member of each pair denved fixim the fisither 
and the other fiom the mother. As the result of reduction eadi gamete 
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receives one coinponent of each pajr^ -s o ^ * expect to each pair 

of cLi0fi^0$0Vi,es if^e Jot 7 naltOji of U e gai 2 ve segregation of zts 

pateutal and cc^apo^e/its Y/e snaL line l^ter tnat this is of the 

utmost help m undeistanding ho» :o p*oaj.ce ne ^ ana bieeds by 

hybridizano-i 

In the fruit-£y there is diotncr feaiars »Thac^ cc^r> fo- ft^^-wher comment 
This IS the e\is..ence, as m many iinin'sfsj of cnc -.^atec p‘ir of 

chromosomesj the K'd pair ^Viren this occ-^ra^ 1. occr^s -i-. one sen omy, m 
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individual With sufficiently careful measurement the male is usually found 
m other animals to have an unequal (XY) pair which is equally mated m the 
female (XX) 

This was first noticed, because some animals were found to have an odd 
number of chromosomes m one sex This seemed to conflict with the 
numerical constancy of the chromosomes In the early years of the present 
century the American zoologists provided the key to an understanding of 
the discrepancy In all such cases the other sex has one more chromosome 
The male of Penplaneta canencana^ the large cockroach which haunts our 
bake-houses, has 33, the feijaale 34 chromosomes The eggs all have 17 
chromosomes, one h^ of the sperm have 17 the other half 16 chromosomes 
If a sperm of the former dass fertilizes an egg, the mdividual produced will 
be a female (17 + 17 == 34), and if a sperm of the second type fertilizes an 
egg> the mdividud produced will be a inale (17 + 16 = 33) 

Similarly with the XY daromosomes* The male of the human species 
has 23 eqij^ pairs and 1 unequal pair CXY) of diromosomes in the unreduced 
nuclei. Thus two types of sperm ate pr^uced, X-bearmg and Y-^bearing 
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respectively^ the one female producing, the other male producmg The 
modem theory of sex determination fits m well with many biological facts, 
and is confirmed by two mdependent Imes of evidence, one of which will be 
discussed at length later The other may be mentioned here In speaes 
havmg an XY pair m the male, measurement of the sperm heads shows that 
the sperms are of two different sizes This suggests that it may be possible 
eventually to separate seminal fluid mto portions contaimng predominantly 
one or other type of sperm, the X-bearmg or Y-bearmg If this could be 
done the control of the sex ratio would be experimentally realizable Recent 
experiments m Moscow record success with the semmal flmd of rabbits 
Some of the new discoveries which have come from the study of fertfliza- 
non, sex, and alhed problems open up radical and far»reachmg possibihues 
m biotechnology, though as yet they have had no practical apphcations The 
rabbit’s egg can now be made to develop without sperm as far as the hollow 
ball stage It can be grown by tissue culture methods outside the body 
of the mother till the heart begms to grow From what we know of other 
animals it is probable that mammals produced by parthenogenesis 
would always be females* If the techmque were perfected, the hallowed 
associations of this method of propagation might encourage the fashion 
of continuing the human race by vicgm birth Perhaps humamty may 
eventually decide that maleness is an unnecessary comphcation of agriculture, 
an obstacle to the control of population growth and a menace to the moral 
well-bemg of one-half of the human race 


APPLICATIONS OF THE NEW KNOWLEDGE 

The discovenes which resulted from the use of the microscope made 
possible the production of new horucultural and agricultural varieties by 
plant hybridization From the practice of plant hybndization the need for 
theoretical guidance eventually brought foi^ the important generalizations 
of modem biology This will be explamed m Chapter XXI, where the 
importance of the purely descnpuve phenomena of nuclear behaviour dealt 
with m the last few pages will be explamed Two techmcal apphcations of 
the new knowledge of fertilization estabhshed m the eighteenth century 
have only been made durmg the past few decades These are (<z) the use of 
polhnators for large-scale production of "self-stenle” vaneties of fruits, and 
Q>) artificial msemmation 

(a) SelfStenle Vanettes — ^Many of the best modem varieties of frmt 
trees have ansen as sports or as hybrids, preserved by grafhng on to wild 
stock* Every single separate tree of some vaneties which exist m frmt 
plantattons is descended from the same ovule and pollen gram As far as 
sexual i^roduction is concerned the entire stock is one mdividual* This 
has given nse to an mtercstmg problem which has been successfully solved 
by applying the knowledge of a discovery which was made by the first m- 
vesngators who studied pollination It was early recognized that among 
speaes of which the flowers are normally cross-pollinated by insects, dusting 
pollen from the anthers of a flower on to the stigmas of any ftiwer of the same 
mdividual plant often produces a poor yidd of ofl&pring, and sometimes pro- 
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duces no seed st all When no seed is prociuced the fruit fails to npen properly. 
Many of our frail trees are ‘‘‘'self-steriie''^ la Jhjs scnse^ and since they have 
been spread by graf^g^ this means that die self-steruity includes every tree 
of a particular variety Thus the choice cheny called “Higarreau Napoleon^^ 
will not form fruit if poUmated by pollen from ilov.ers of any tree of the same 
variety or that of several other varieties (e g Empcroi Francis) On the other 
hand, it forms fruit if the stigmas are dusted \\*th pollen of varieties vvhich 
may be self-sterile themselves^ and are said to be ‘^‘'poilioators*® for it (e g 
Belle d’Orldans) Among the best modem vaneties of fruit trees those which 
are self-fertile are a minority Hence many failures occurred m the first 
experiments when large-scale frmt production began to replace small mixed 
orchards Experiment, gmded by correct knowledge of the role and agencies 
of pollmation, qmckly succeeded m eluadatmg the facts stated above, and m 
suggesting the necessary precautions to ensure success All that need be done 
IS (a) to plant a few trees of the vaneties which act as “pollinators” m the 
vicimty of the self-stenle vanety which is the main crop, (h) to encourage 
the insects which carry the pollen from the pollmator to the latter Smce 
most of them are bee poUmate^i, the simultaneous practice of apiculture is a 
profitable way of domg this 

(b) Arttfiaal Insemination — ^When the controversy between the “sperma- 
tists” and the “ovists” was still gomg on, Spallanzani, a contemporary of 
Lavoisier with a remarkably versatile record of first-rate work, undertook 
experiments m which he filtered off the spermatozoa from the s eminal flmd 
and tested the influence of the several portions on the eggs of frogs By 
mtroducing seminal fluid from a dog mto her vagina, he made a bitch 
pregnant without sexual mtercourse Smce then the use of artificial insemina- 
tion, le mtroduction of spermatozoa mto the female generative passages 
or mto suspensions of eggs, has been frequently used m various classes of 
biological enquiries as a substitute for normal sexual mtercourse. 

Durmg the past two decades the Government of the USSR has given 
lavish support to biotechmcal research It has encouraged mvestigations 
which have proved the possibihty of keepmg the semmal flmd of domesti- 
cated animals m a fertile condition for some days Hence small phials 
of seminal flmd from the best pedigree oxen, horses, etc , can be distributed 
by air mail over a wide territory for the fertilization of females The prac- 
tice of breedmg by artificial msemmation with semen of exceptionally 
high quahty sires is widely used m the USSR, has been taken up m the 
Umted States, and is begmnmg to be used m Bntam, where sxoall-scale 
private enterpnse remams a stumblmg-block to extensive biotechmcal pro- 
gress. The U.S S R IS also applymg the method of artificial insemination 
to selection of the bee. This animal has been used by man for millennia 
without any attempt to improve the stram by active mterference of a fcmd 
which has met with extraordinary empirical success in his dealmgs with 
other domesticated speaes. There is litde doubt that artificial insemination 
will make possible improvement m the quality of stock with unexampled 
rapidity. We may also antiapate that the advance will be ooni^icuous where 
soctety IS organized as in the Soviet Umon to take advantage of new bio- 
techmcal inventions 
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THE MICROBE HUNTERS 

The immediate effect of the mtroduction of the first compound microscopes 
was to encourage closer scrutmy mto the processes of reproduction The docttme 
of spontaneous generation, as apphed to plants and animals of visible dimen- 
sions, succumbed m the ensumg century Besides shedding new hght on the 
material basis of reproduction, the mmute structure of the animal and plant 
body, the microscope also revealed a world of oigamsms whose esastence 
had been hitherto unsuspected Some of them — ^hke the smaller water “fleas” 
(Fig 422) or mmute Crustacea m ponds and the surface of sea water — ^were 
only miniature examples of a type of bodily organrsation already well Known 
Others were new types with a complex bodily organization, havmg famihar 
characteristics, though exhibitmg an entirely new general plan Such, for 
iTiRtnnre, were the wheel animalcules or Rottfera of pond water (p 932) In 
addition to these there was a class of orgamsms totally unlike any previously 
known Creatures belongmg to this last category, now collectively described as 
Protistay m contradistmction to animals and plants as the wor^ are usually 
employed, were found to appear m great numbers m broths, infusions of 
orgamc matter, like pepper and spices, or m water m whidh hay has been left 
to soak, especially if contaminated with pond water. Others were found to 
multiply m ram water left m tubs They had no structures remimscentof the 
sexual organs of known animals and plants They multiphed prodigiously m 
smtable media, and bemg so mmute they appeared to come from nowhere 

The ideology of primitive samtation (see p 816) made its last stand con- 
cemmg the generation of the Protista. Its overthrow is associated espeaally 
with the work of two men, the vanety of whose contnbutions to saence is a 
noteworthy and mstructive commentary on the soaal background of saence 
One was Spallanzam The other was Pasteur. Both worked m France 
Separated by three-quarters of a century, their respective failure and 
success 18 an eloquent tribute to the debt wi^ch the most gifted contributors 
owe to their soad environment 

Protista, as we should define these creatures m the hght of the knowledge 
which the compoimd nuooscope confers, are orgamsms of which the bodies are 
not divided up into cells There is not a very sharp hne of division between the 
Protista and the simpler sponges which are httle more than oolomes of similar 
umts eqmpped with vibratile ciha and embedded m a jelly, or between the 
Protista and the simpler plant algse like Sptrogyra (Fig. 406) and the simpler 
fungi called moulds (Fig. 406) The simplest animals and plants may m fact 
be looked on as colomes or compames of which each cell is comparable 
to a ftee hvmg protut. On this account the Protista are usually spoken of as 
“umceUnlaz” or smgle-celled organisms. Smce the simplest filamentous plants 
have no separate organs to distinguish them they are chiefly classified by 
the way they reproduce Partly for this reason and partly because some 
filamentous or^nisms disintegrate into separate cells in suitable culture media, 
many micro-organisms wtU found dass^ed as fiingi or algse in one con- 
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l^G iJ2 — boiTR CoMMOij Types or Larger PROXisrA 

(A) A green form;, chilled Chlani>domona$, uluch progresses by the axd of two long 
Clin called flagella lour stages m the conjugation of similai gametes 

(B) Poiatnccmm Pood particles m clear diopLts arc seen traseilmg round the body 
from the “gullet” to tlie place wlieic faeces are discharged at a temporary op ening 
m the surlace Ihe “contractile vacuoles” get nd ol surplus water which has 
entered the organism by osmosis 

(C7) Amoeba, which progresses by a flowing mouon in which temporary lobes of the 
body are pushed out This specimen is in the act of enclosmg anomcr Proust to 
lorm a food vacuole m which digestion will take place 

(£>) Yeast Successive stages of buddmg are seen, leadmg to the formation of chains 
of cells. 


because they vary enormously m size A typical microbe is so small that it 
would require about twenty-five billion (25 million million) to balance an 
ounce weight. Examples of both large and small Protista were seen by Leeuwen- 
hoek, who observed that they split in halves like cells of a developing embryo 
Some Protista secrete siliceous or calcareous shdls which are superficially like 
snail shells The chalk is largely made up of the minute shells of protists calledi 
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Forarmmfaa (Fig 423) The commonest method of reproduction is the 
vegetative metihod of sphttmg or buddmg (Fig 422, d) Sphttmg mto equal 
halves is characteristic of the Infusoria and the simpler organisms like the 
frinnlpRa Amocba (Fig 422, c) which are not covered with ciha hke the Infusoria 
A typical Infusonan of pond life is Parameaum (Fig 422, b) This small 
orgamsm can usually be found m mud If samples of mud from several 
ponds are added to a htde pond water m which a few bread-crumbs have been 
allowed to soak, Paramecium multiphes rapidly After standmg foi about a 
day or two the mud at the bottom, when exammed under the microscope, is 
foimd to contam htde rapidly movmg creatures Each has the shape of a cigar 
If you can observe one when it is not moving too qmckly you will see that its 
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Fig 423 — Shells of Radiolaria and Foramikifera 

Some Protista which hve freely m water surround themselves by sihceous (the Radio- 
lana) or calcareous (the Foraminifera) shells of microscopic dimensions, or just large 
enough to be visible to the eye The Chalk has mainly been formed by deposits of 
Foraminifera, whose dead shells accumulated on the sea bottom 


movements are due to fine flickering outgrovTths called czha (because of their re- 
semblance to eyelashes — ^theLatmword) Ciha cover the whole body Somewhat 
similar orgamsms (OpalmayBalanizdtzmz:, etc ) can always be foimd hvmg parasi- 
tically m the muddy contents m the hmdermost portion of the bowel of the 
&og When such organisms as these have gone on feedmg for a certam time, they 
become constricted about the middle, and gradually divide mto two, )ust as 
a drop of flmd will divide mto separate drops when it has reached a certam 
size Each half becomes a new mdividual and swims oflF on Its own Thus every 
Parameaum anses ficom another Parameaum Lake h^ets like is a rule that 
apphes to Parameaum, as well as to ourselves 
The yeast organism {Sacchcaromyces) is a small sphencal cell with a thick 
outer coat like the cells ofafimgus or any other plant ^ig 422, d) It reproduces 
vegetatively by forming buds, which b^me detached and grow to their full 
stature subsequently In addition it forms resistant spores, by division of the 
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body substance witnm the ceil wall into foiji cells which are each invested 
with a thicker wall capable of withstanding drought and germinating m a moist 
situation This power of Ibrmmg spores winch many Protista^ including bacteria, 
possess accounts for their queer way of turning up when orgamc material such 
as broths — or Leeuwenhoek’s pepper suspensions — are left fireely exposed to 
air m which the spores are blown about Needless to say ih.a could not be 
realized till their reproductive processes were thoroughly understood, and the 
reproductive processes of the smaller protists can only oe seen with very good 
microscopes 

Before the researches of the pioneer microscopists of the seventeenth 
century Protista had not been known to exist While it would be true to 
say that Leeuwenhoek discovered reproduction m the larger Infusoria m 
the sense that he observed and recorded it, it is qmte dear that he did not 
understand that what he was observmg was the way m which these creatures 
multiply This condusion seems to have been first reached m the middle 
of the eighteenth century by a French botamst de Saussure to whom John 
Elhs, author of the first clear and comprehensive accoimt of the Particular 
Manner of Increase tn the Ammalcula of Vegetable Infusions^ acknowledges 
his mdebtedness m 1769 There had been much controversy concermng 
the nature of Protista In the first half of the eighteenth century it was 
not yet recognized that they were hving creatures, and the issue was only 
settled when Spallanzam, who taught at Pavia m Italy, earned out an im- 
portant senes of experiments m which he showed that the “organisms of 
vegetable infusions” are killed by exposure to drought, that they pensh like 
tadpoles^ firogs and salamanders at a heat of about , that they are 

destroyed by vapours and fimds which ^poison insects, that some of them — 
like Paramecium — can take m sohd food and digest, and that, — as Spallanzam’s 
biographer and physician Tourdes puts it, — “the electnc spark is a thunder 
clap to the animalcules of infusion not one of them survives the explosion ” 

About this time Needham, a Jesmt pnest with a predilection for Anstotehan 
finahties, had sought to put the doctxme of spontaneous generation on a firm 
basis by showmg that roicro-organisms appear m vegetable infusions and broths 
which have been boiled to kill oxgamsms and stoppered afterwards to prevent the 
entry of firesh ones The heat used was insufficient No microscopic check 
was made to see if the organisms had been killed, and porous corks were used 
as stoppers From one bad experiment Bufibn, the French naturalist, built up 
a mountam of metaphysics which dominated saentific teadung for a century 
Spallanzam, who was acquamted with de Saussure’s observations, entered mto 
a controversy with Needham, and undertook a le-examination of the issue 
In his own words" 

I repeated that experiment I used hermetically sealed vases I kept them 
an hour m boiling water, and after havmg opened them and examined their 
contents withm a reasonable time, 1 foimd not the slightest trace of animalculae, 
though I had examined with the microscope the infusions fixim nineteen vases 

Although Voltaire wrote of the “rxdiculous mistake, the unfortunate experi- 
ments of Needham, so tnumphantly refuted by M. Spallanzam ...” and 
dedaxed that **it is now demonstrated to sight and to reason that there is no 
vegetable, xk> animal but has its own germ,” Bufibn^s doctrine was generally 



866 Science for the Citizen 

accepted for the next hundred years There were, he taught, certam pnnntive 
anH incompatible parts common to animals and to vegetables Tnese particles 
cast themselves mto nunddi or shapes characteristic of different bemgs ^JJTien 
destroyed by death, the orgamc molecules become free, over-active, reumtmg 
to form a multitude of new organized bodies The imtial premises rested 
on unsound experimental foundations Thereafter the argument proceeded 
according to rules of evidence which are still acceptable to economists and 
to the legal profession 

The neglect of SpaUanzam’s work can hardly be attributed to the lack of 
esteem m which his scientific work was held He was perhaps the most truly 
nngiTial experimental biologist of his age He held successively two important 
chairs at R^gio and Pavia, travelled and corresponded far afield, reccavmg 
many tokens of esteem and recogmtion throughout Europe Bom m 1729, he 
had the good fortune to study at Bologna where the professor of natural philo- 
sophy was his cousm Laura Bassa This giffed and remarkable woman was one 
of ihe most sin gular personahties of the eighteenth century In Bologna, tts 
Hutory, Antiquities and Art by Coulson James, we are told that she occupied 
a umversity chair, worked at hydrauhcs and mechamcs,and had melve children 
to whom she was devoted When she died at the age of 67, after attending a 
mpfnng of the Academia Benedittina on the previous evemng, she was buned 
with great honour m her doctoral robes Her young cousm and pupil was 
promoted to a chair at an early age, and m the space of forty years, from 
1760 till his death m 1798, he announced a succession of discoveries equally 
astonishmg for their diversity and novelty 

In relation to the immediate growth of biological knowledge he is note- 
worthy as one of the first workers to catty out systematic experiments on 
the r61e of the digestive }uices Under the impact of Lavoisier’s work he 
undertook a wide survey of die respiratory organs of the lower animals, 
and so established the fact that the mtake of oxygen and excretion of caibon 
dioxide are well mgh umversal charactenstics of complex animals, though 
the machin ery by which the aeration of the blood is effected is diverse 
■Sp allanzani performed the first espenments on the tactile sensations of 
bats which can thread their way through a network of strmgs when bhnded 
He executed the first experiments on artificial insemination Besides expen- 
menting with the eggs of frogs, toads and silkworms, he mjected mto the 
vagina of a bitch, says Tourdes, **nmeteen grains of semen taken from a 
dog of the same breed” and “had, after the ordmary time of gestation, the 
satisfaction of seemg her brmg forth several whelps, hkewise of the same 
breed ” He made the darmgly mechanisac discovery that, if luminous jelly 
fish are desiccated and ground to a powder, the latter will emit hght when 
moistened. In his experiments on the regeneration of the head m decapitated 
snails, he also anticipated modem experimental techmque by showing that 
rqiioduction by cuttings is not confined to plants 

With the exoqption of the first two, it may be doubted whether any of his 
bnUiant contributions — many of tb^ so far ahead of the tjme — exercised 
any direct eflSsct on the subsequent course of science When the issue of spon- 
taneous generatum was rsosad by in a difiereot socael c(X>t)esx its soluhon 

was demanded by practical neoessiiy, and further pugress was ensured ^ the 
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fad that it n^mediotely oecaine me face- of j host of Dio^^echnical and medical 
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notihcaaon oi contagions cnc mfectioas chseaocs, onur an Zc^non ana genr-fiee 
muk It had ceasea to oe on ^oeoiogico^ oqas'fccle cc*. ecn .ha advocatac of 
the ATiSLOteiian iraditxOD and uie risxag sc^^ocl ^cL tnatcnaiistc 

Ne^v instniinents to alia^ any mcert-juiq ’^A-eie avrJaoIa to esngators 
Though ihe laiger bacteria had oeen seen^ no saiiSfactor; compcxati^e stin^ey 
of the Protista couia be undeitaken oeforc achromsuxc senses came iu\to use A 
classification of the bactciia appeaiea m 1838 In me fifties gictvmg scientific 
mterest m agncolture had directed attanaon to the leprodactive piocesses ol 
the cryptogams (algae and fl ng:) * Liebig’s worir on the chemistry of living 
mattei (Chapter XIX) had pa^ed the wa 3 for ana 23 tical measurements of fer- 
mentation Such was the social heritage from whicn Pasteur’s contiibutions 
drew thear materials 

Another significant fact in the social backgioimd of Pasteur’s work is that 
the Crimean war, fiom which the moeem profession of military nursing dates, 
had focused attention on the problems of sepsis and of food pieservation It 
was m fact the first great war m which modem methods of food piesert^ation 
were used Bremner {Industries of Scotland^ 1849) tells us 

When Loid Anson reached Juan Fernandes with the Centurion, the 
Gloucestei, and the Ti>al, his united ciews of 061 men had been reduced by 
that terrible disea&e to 626, of whom only a small number were fit for duty , 
and durmg last century a Spamsh ship was picked up at sea with all her crew 
dead from scurvy Cases of this kind might be multiphed to show the loss 
of human life entailed by want of means for preserving provisions m a fresh 
state To such a height did scurvy attam m the navies and merchant 

shippmg of Britam, France, and other countries, that the attention of the 
Governments was seriously roused to the importance of domg something to 
remedy the terrible evil The French Government took the initiative by 
offermg, m tiie year 1809, a premium for the mvention of a process for pre- 
serving meat, so that it would remain fresh for any length of time, and m any 
climate In the foHowmg year, M Appert came forward to claim the prize, 
and, after due mvesugation, he received ;C480 for the mvenuon of a mode of 
preservmg both ammal and vegetable matter by subjectmg them to a certam 
degree of heat and then sealmg them in air-tight vessels The principle of 
Appert’s system of preserving was known and practised in this coimtry for 
years before he was made famous as the supposed discoverer of it, but those 
who were acquamted with the process did not realize its importance, or dream 
of the application which he made of it M Appert claimed to have dis- 

covered — ^Tirst, that fire has the pectdiar property not only of changmg the 
combination of the constituent parts of vegetable and animal productions, but 

* Kmght begins an address to the Horticultural Soaety m 1813 with the words 
*^The little pamphlet upon the rust or mildewof wheat for which the public are indebted 
to the patriotic exertions of the venerable President of the Royal Society affords much 
evidence in proof that this disease ongmates m a minute species of parasitical fungus 
which IS propagated like other plants by seeds” (1 e spores as we should now say)^ He 
then refers to a paper of the same year controverting the prevailmg view that rot fxsm&m 

IS produced by **the remaining powers of life m the sap of the unseasoned wood ” 
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also of retarding, for many years at least, if not of destroymg altogether, the 
natural tendency of those same products of decomposition, secondly, that the 
apphcation of fire m a manner variously adapted to various substances, after 
havmg with the utmost care, and as completely as possible, deprived them 
of all contact with the air, ejects a perfect preservation of those same pro- 
ductions with all their natural qualities The operations by which fire is made 
available as a preserving agent are stated to be — ^first, enclosmg m bottles the 
substance to be preserved, secondly, corkmg the bottles with the utmost care, 
thirdly, submitting the enclosed substances for a greater or less length of time 
to the action of boilmg water m a water-bath, and fourthly, withdrawmg the 
bottles from the water-bath at the period prescribed . In 1811 an Enghsh 
patent was taken out for Appert*s process of preservation The patent was 
purchased for £1,000 by Messrs Donkm, Hall and Gamble, who, m 1812, 
erected an extensive preservatory at Bermondsey It is stated that, after a 
senes of experiments made by the patentees for the purpose of teslmg the 
accuracy of the process, and ascertaimng how far it might be made apphcable 
m a general way for victualling the mantime service occasionally with fresh 
meat, they found that the system of preservation, so far as it had then been 
developed, was too defective and uncertam m its results to be made the vehicle 
of any safe or profitable commercial enterprise They then made some expen- 
ments with vessels of tm, and these were so successful that the art of preservmg 
food was reduced to a certamty No sooner was the possibihty of preservmg 
provisions demonstrated by this firm, than the ships of the navy and of the 
East India Company were supphed with some of the prepared food, and soon 
a happy change became apparent m the health of those on board Emigrant 
ships were subsequently ordered to carry certam proportions of preserved 
meats, and now no vessel sails on a voyage that is to extend beyond a few days 
without having such stores m the lockers The meat-preserving trade has 
assumed large dimensions, and the method adopted by Messrs Donkm, Hall 
and Gamble is that now followed (with certam modifications m the details of 
the process) m the great preservatones which supply the shippmg of all 
nations The meat-preservmg trade was mtroduced mto Scotland m 1822, 
when Messrs John Moir and Son began busmess m Aberdeen Durmg 
the Crimean war they executed several large contracts for the British and 
French Governments 


OPTICAL ACTIVITY 

Although Pasteur’s name is assoaated with an impressive range of dis- 
covenes which have enriched the theory of "pure” chemistry and “pure” 
biology. It IS hardly too much to say that he never took up an enquiry which 
was not immediatdy related to dommant technological issues connected with 
the technical and medical problems of contemporary France In the greater 
part of his hfe-work the funds which made his work possible were specifically 
given by those who sought his practical assistance Pasteur*s earhest researches 
were directly rdated to the wme mdustry , which became an important factor m 
national prospenty under the regime of Napoleon III* By the Gladstone agree- 
ment of 1860, the English undertook to dnnk French liquors m return for an 
agreement which, m eflSxt, committed the French to wear Lancashire petti- 
coats His first important contribution was a study of the crystal form of 
tartanc aad which is an impmtant by-product of the wine mdustry. He created 
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a new branch of chemistry by shoumg how the pictoiial formula of an orgamc 
compound is related to its crystalline shape, and no\i both are lelated to the 
effect which crystals exeicise on polarized tight (p 333) 

In Chapter X no reference was made to one of tiie most fruitful results 
of the molecular models based on appl 3 uag the prmciple of valency to the 
behaviour of radicles m the carbon compounds Tims oirecdy arose from 
Pasteur’s worK on tartaric acid In the course of it he aisco^<"ered the pheno- 
menon of optical activity m orgamc compounds In Chapter VI the peculiar 
behaviour of hght when it has passed through cer tain mmeral crystals such as 
fluorspar or tourmaline was described to illustrate the usefulness of the vave 
metaphor A beam of hght which has passed through a crystal of tourmalme 
wiU not pass through a second crystal if its axis is at right angles to that of 
the first If we look through the second as we rotate it through ISC’ from the 
position m which the two crystal axes aie parallel, the hght becomes dimmer, 
disappears, and finally regams maximum brightness 

When a solution of some orgamc compoxmds is placed between the two 
crystals, the “plane of polarization” is shifted That is to say, we have to 
twist the second crystal a httle farther or not qmte so fai as 180® to get 
maximum brightness agam Such compoimds are said to be optically active 
Pasteur found that crystals of tartanc acid salts are not exactly alike One 
t3q5e of crystal is the mirror image of another The positions of their faces 
are reversed from left to right This mversion is associated with the fact 
that they show opposite t 3 rpes of optical activity If a solution of one is 
placed between two tourmalme crystals wuth parallel axes, one of the latter 
must be rotated to the right to get maximum brightness When the other 
solution IS substituted it must be twisted to the left to get maximum 
brightness Many common orgamc compounds, such as cane-sugar, have 
this characteristic Smce the angle of twist depends on the strength of the 
solution, the polarimeter^ an instrument which is simply an arrangement 
for rotatmg one of two polarizing crystals, can be used for quantitative analysis 
of their solutions 

Many substances which do not differ with respect to any very obvious 
chenucal properties, twist the plane of polarization m opposite Sections 
Various drags obtamed from plants and drag-hke substances (hormones) 
produced m the animal body are optically active The natural form nearly 
alwa];^ twists the plane of polarization leftwards Their synthetic twins of 
the modem drag house nearly alwa 3 ^ twist it to the right The left-handed 
or natural twin is nearly always much more effective m its action on the 
body as a poison or as a stimulant * Several recent detective novels, such 
as The Documents m the Case by Dorothy Sayers and Robert Eustace, have 
exploited this th^ne. 

Pasteur himself did not provide the due which is contamed m the picture 
formula Substances with the same constitution and similar chemical proper- 
ties exist m different optically active forms when, and only when, they 
contam at least one carbon atom attached to four different radicles Thus the 

* The existence of the Deity can no longer be deduced from this orcmnstance 
alone Some natural nght-handed twins exist and some left-handed twins have been 
synthesized successfully 
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picture formula for lactic (p 561) aad conve3re the information th?t it must 
have optically active forms, when it is set out m the foUowmg way 


CH OH 

o 

H COOH 


THE NATURE OF FERMENTATION 

In these early researches Pasteur toured the wine manufacturing centres of 
Europe for matenal His motto m research put mto other words what Karl 
Marx called the umty of theory and practice ^‘Without theory^* practice is 
but routme bom of habit” were the words he used when he was appointed to 
a chair m the Umversity of Lille — “overjoyed,” says his biographer, “at bemg 
able to do useful work m that country of the dis^enes ” Of hispubhc audiences, 
he asked, “where will you find a yoimg man whose cunosity and mterest will 
not immediately be wakened when you put mto his hands a potato, when with 
that potato he may produce su^, with that sugar alcohol, with that alcohol 
ether and vmegar ” 

The reports of the Academy of Saences for 1861 mdude a short memoir 
by Pasteur on the yeast of beer In it Pasteur recorded experiments which 
show 

1 Yeast organisms placed in some sweet hqmd m contact with abundant 
air assimilate oxygen, multiply rapidly and produce an msigmficant quantity 
of alcohol The weight of sugar used up as compared with the weight of the 
organism — which can be easily detenruned by separating the latter with a 
centifimge — is very small 

2 Yeast or^imsms placed m a sugar solution without air produce alcohol 
at the expense of the sugar m large quantities 

“Acting out of readi of atmospheric oxygen,” concluded Pasteur, the yeast 
“takes oxygen fiom the sugar, that bemg the ongm of its fermentative 
character ” Subsequent studies shewed that various moulds like Mucor and 
Pemedhum which grow on bread, jam, cheese, etc , have the same power of 
switchmg over firom ordinary respiration to “awearoJic” or mtra- 

molecular extraction of oxygen when depnved of air, and their power to 
efiect the decomposition of the materials on which they grow specially depends 
on this 

A new understandmg of putrefaction was now mescapable Fermentation 
IS the name customarily given to decomposition of organic matter by micro- 
organisms like the yeast organism or the cheese bacteria when the end products 
are suitable to hu m an consumption So soon as Pasteur was able to shew that 
vinegar is produced m wme and that butyric aad is produced in ranad butter 
by the activity of a hvmg organism, the next step was self-evident Putrefaction 
IS merely the name we have been accustomed to give to anaerobic respiration of 
micro-organisms when we do not use the end products The extension of the 
new doctrme to sepsis and thence to infection seems equally mevitable m 
retrospect, and the persistence with which Pasteur continued to explore it m the 
face of violent personal attacks from the French medical profession, illustrates 
the important truth that great advances m saence are less due to great intellec- 
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tual subtlety tuan lo steadies tness of son aact r rob act parLaLy for unsavoury 
psu ticiibrs 

If mudeu^s end mo-u-dc could produce pc:son jp cecoar'ocsition nroducts 
fronj. dejd organic .rter^ liiight not Jie i.T -^2 ^es jucec fren" presence 

of mJdeTis lii^e die rusts oi of vu ea^ or L e \c’^.o^c f.^gus pests of the 

orchard — ^menaoned ui iLe ivc^^al Soce'-^s Heac& cf Ea^^u^.es ru iGfo — be 
due to thear power to ^bc-aie sanda^ poisors 2^ L*e plar: boap" If so^ not 
the poisoning wlucli ss c^ccompamca 01 puc fo^xnaaon cut suifuces of the 
anunai body be due to the ferir.eni.'^l-? e acta/.£:\' of aosus of iiucrO" 

organisms Vvhicn are found m the pus itself > iviay not apparen spon- 

taneous character of mfection and contagion be Cue to tie faci that Lie j^ias.tes 
unlike mildews are invisible to the eye ^ 

TLe clearest answer to ah these questions lies m the new boay of social 
practice which has arisen fiom and constitutes the testmg-out of the theory If 
putrefaction is a fermentative acDvity of imcro-organisms, it is not a necessary 
accompaniment of death All that is necessary^ al we want to prevent it^ is to 
stop the growth of the micro-oigamsms The modem industry of tinned and 
canned foods is a practical demonstration that this is so Liltewisej if suppura- 
tion of wounds IS due to local putrefaction, the v ay to pievent it is to kill ail 
micro-organisms m the vicimty of the cut surface or exclude them from it 
The record of surgical mortahty vmdicates the truth of the mlerence The 
various steps m the subsequent history of the problem of infectious and con- 
tagious diseases wcic successively and successfully put to the test of soaal 
practice m this way 

THE FINAL OVERTHROW OF THE ARISTOTELIAN DOCTRINE 

A necessary prelude to further advance was to clear the site for the new 
foimdations The spontaneous generation of the smaller nucro-orgamsms was 
still accepted by all the leaders of science in spite of Spallanzam’s work The 
neglect of the latter is readily comprehensible, if we recall the fact that it 
had produced no impress on the social pracace of his generation Aided by 
greatly improved microscopes which Spallanzam^s generation did not possess, 
Pasteur now began enquiries mto where the micro-organisms of putrefaction 
and disease come from and how their mulnphcation is accomplished Valery- 
Radot desenbes this phase of his work m the following passage * 

Pasteur began by the microscopic study of atmospheric air ‘Tf germs exist 
in atmosphere,’^ he said, **couId they not be arrested on their way?” It then 
occurred to lum to draw — ^through an aspirator — a current of outside air 
through a tube containmg a htde plug of cotton wool The current as it passed 
deposited on this sort of filter some of the sohd corpuscles contamed m the air, 
the cotton wool often became black wmth those various kmds of dust Pasteur 
assured himself that amongst various detntus those dusts presented spores and 
germs ^‘There are therefore in the air S9me organized corpuscles Arc they 
germs capable of vegetable productions, or of infusions? That is the question 
to solve*” He undertook a senes of experiments to demonstrate that the most 
putrescible liqmd remained piure indefimtely if placed out of the reach of 
atmospheric dusts But it was sufficient to place m a pure liquid a particle of 
the cotton-wool filter to obtam an immediate alteration* 

* The Life of Pcatetor (Constable & Co ) 
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Pasteur’s results were hotly contested by his contemporaries, notably 
Pouchet who mvoked authority, which Browne called the **mortallest enemy 
unto knowledge and that which has done the greatest execution upon truth ” 
The doctnne of spontaneous generation had been adopted of old by men 
of gemus, said Pouchet, and, besides, how could germs contained m the air 
be numerous enough to develop m every orgamc infusion^ Such a crowd 
would surely produce a thick mist, dense as a metal Pasteur set himself to 
explore this objection Radot’s account contmues 

Pasteur let them laugh whilst he was preparmg a series of flasks leserved 
for divers experiments If spontaneous generation existed, it should invariably 
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micro- orgamsms 

Fig. 4:24 — One of Pastbijr*s Experiments 


occur m vessels filled with the same alterable hquid “Yet it is ever possible,” 
affirmed Pasteur, “to take up m certam places a notable though limited volume 
of ordinary air, having been submitted to no ph 3 rsical or chemical change, and 
still absolutely mcapable of producmg any alteration in an eminently putres- 
cible liquor ” He was ready to prove that nothmg was easier than to mcrease 
or to reduce the number either of the vessels where productions should appear 
or of the vessels where those productions should be lackmg After mtroducmg 
mto a senes of flasks of a capacity of 250 cubic centimetres a very easily cor- 
ruptedhquid, such as yeast water, he submitted each flask to ebulhtion The neck 
of those ves^s was ended off m a vertical pomt Whilst the hqmd was still 
boilmg, he closed, with an enameUer’s lamp, the pointed opemng through 
which the steam had rushed out, takmg with it all the air contamed m the 
vessel Those flasks were mdced calculated to satisfy both partisans or adver- 
sanes of spontaneous generation If the extremity of the neck of one of these 
vessels was suddenly broken^ all the ambient air rushed mto the flask, brmgmg 
m all the suspended dusts, the bulb was closed again at once with the assist- 
ance of a jet of flame. Pasteur could then carry it away and place it in a tempera- 
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ture of 25-30'^ C quite suitable for the development of vexins and macors In 
those series of tests some flasks shov/ed some aite*£:tion> otners remained pure, 
according to the place where the air haa been aomitted Dmrmg the begmnmg of 
the year 1860 Pasteur broke his bulb pomts anu enclosed ordmary an: m many 
different places, mcludmg the cellars of the Obser^-atory of Par^s There, in that 
zone of an mvanable temperature, the absolutely c«3.iin zx cotud not be com- 
pared to the air he gathered m the yard of me same building The results were 
also very different out of ten vessels opened m the cellar, closed agam and 
placed m the stove, only one showed any alteration, whdst eleven others, 
opened m the yard, all yielded organized bodies When tne long vacation 
approached, Pasteur, who mtended to go on a voyage of enpernnents, laid 
a store of glass flasks Pasteur started for Arbois, taking v ith him seventy- 
three flasks, he opened twenty of them not very far from his father^s tannery, 
on the road to D61e, along an old road, now a path which leads to the mount of 
the Berg^e The vme labourers who passed him wondered what this hohday 
tourist could be domg with all those litde phials Of those twenty vessels, 
opened some distance away from any dwellmg, eight yielded organized bodies 
Pasteur went on to Salms and climbed Mount Poupet, 850 metres above sea- 
level Out of twenty vessels opened, only five were altered Pasteur would have 
liked to charter a balloon m order to prove that the higher you go the fewer 
germs you find, and that certam zones absolutely pure contain none at all It 
was easier to go mto the Alps He arrived at Chamonix on September 20, 
and engaged a gmde to make the ascent of the Montanvert The next 
mommg, twenty flasks, which have remamed celebrated m the world of scien- 
tific mvestLgators, were brought to the Mer de Glace Pasteur gathered the air 
with infinite precautions, he used to enjoy relating these details to those people 
who call everythmg easy After traemg with a steel pomt a line on the glass, 
careful lest dusts should become a cause of error, he began by heating the neck 
and fine pomt of the bulb m the flame of the btde spint-lamp Then raismg 
the vessel above his head, he broke the pomt with steel nippers, the long ends 
of which had also been heated m order to bum the dusts which might be on 
their surface and which would have been driven mto the vessel by the qmck 
inrush of the air Of those twenty flasks, closed agam immediately, only one 
was altered 

Several decades elapsed before microscopic observation was able to 
demonstrate the life history of the smallest bacteria and to show how they 
propagate by simple division A year after the experiments just desenbed 
Pasteur devoted his time to the study of putrescence He showed that butyric 
acid IS formed when butter becomes rancid through the activity of bacteria 
which need no oxygen and are m fact killed by excess of oxygen Thus a 
stream of fresh air suffices to protect against the invasion of the microbe 
He proved that production of vmegar from wine is always associated with 
the presence of a micro-orgamsm and that wme can therefore be prevented 
from becoming sour by keepmg it for a short while at a temperature 
suffiaent to kill the microbe Radot tells ns that m 1864 . 

As he had more particularly endeavoured to remedy the cause of the acidity 
which often rums the Jura red or white wmes m the wood, the town of Arbois, 
proud of Its celebrated rosy and tawny wmes, placed an impromptu laboratory 
at his disposal during the holidays of 1864, the expenses were all to be covered 
by the town. , . • The problem consisted, m Pasteur’s view, m opposing the 
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development of orgamzed ferments or paras j tic vegetations, causes of the 
diseases of wmes After some fruitless endeavours to desuoy all vitality in the 
germs of these parasites, he found tliat it was sufficient to keep the wine for a 
few moments at a temperature of 50° C to 00° C ‘"I have also ascertained that 
wme was never altered by that prehmmary opeiation, and as nothing prc\ents 
it afterwards from undergomg the gradual action of the oxygen in the air — 
the only cause, as I think, of its improvement with age — it is evident that this 
process offers every advantage ” 

MICRO-ORGANISMS OF DISEASE 

The results of these researches soon bore fruit m promotmg the fortunes 
of the French wme mdustry Further researches on the diseases of wme were 
curtailed by an madent which eventually turned his attention to the diseases 
of human bemgs An epidemic was ruining the silkworm mdustry of France 
It had begun m 1845 Successive batches of eggs from different locahties 
had proved to be infected till m 1864 healthy stock to replemsh the ravages 
of disease could only be imported from Japan The anondtssemeni of Alais 
alone lost 120 milhon francs m fifteen years Pasteur vas comnussioned by 
the French Government to report and to undertake research on it Havmg 
accepted ‘*full of ardour for the new quesuon of silicworm disease as I was 
m 1863 when I took up the wme problem,^* he was Uom7ed by the Empress 
Eugeme He succeeded m identif^g a new micro-oigamsm as the agent of 
the silkworm epidemic and prescribed a successful method of microscopical 
examination of the la3rmg moth, so that no eggs from infected ones should be 
used for rearmg fresh caterpillars 

France and Germany were at war five years after the invitation to under- 
take this mvesttgation was issued. Pans was besieged Radot says ; 

Those who visited an ambulance ward dunng the war of 1870, especially 
those who were medical students, have preserved such a recollection of the 
sight that they do not, even now, care to speak about it It was perpetual agony 
The wounds of all the patients were suppuratmg, a horrible fetor pervaded the 
place and sepncaeima was everywhere Durmg the siege of Paris, m the 
Grand Hotel, which had been turned into an ambulance, Nelation, m despair 
at the sight of the death of almost every patient who had been operated on, 
declared that he who should conquer purulent mfecuon would deserve a 
golden statue 

The war of 1870 brought to a climax a situation which, judged by modem 
standards, seems almost mcredible The surgeon of the first half of the 
nmeteenth century came to the operatmg table m everyday attire customarily 
supplemented with a sort of overall coat which was stiff with the coagulated 
blood of his victims So long as it was necessary to engage the services of 
several strong men to hold the victim m a more or less mtoxicated condition 
followmg a hberal potation of rum, there were practical impediments to the 
heroic exploits which followed the introduction of anaesthetics De Quincey^s 
classic reminds us that by the end of the eighteenth century knowledge of 
opiates which had been used from earheat antiquity in the Mediterranean 
and Oriental civilizations had become widespread in Europe, No doubt the 
‘*New Humamty^* helped to stimulate the search for more adequate means 



The Altcrohe Hunters 


875 

of diminishing unnecessary suSermg^ while the new cbemisir}- was placing 
a new an ay of substances at the disposal or the rtcdica! profession Davy, 
who first ascertained the composition of nitroi^s himself recommended 

Its use as a dental anaesthetic afcer AepeaLCC. pcj^iirents on his own 
person It was not used n his own country inti imencaa medicme had 
popularized the use of anaesthetics 

The story of anaesthesia is thus told by Di FnhceLj- jt F of Modem 

Medicine . 

Down m Jackson County, Georgia, many niies from a rairoaa, toward the 
end of 1841, Dr Crawford Williamson Long was pract.sm^ medicme He 
was a graduate of me Uni\ersity of Pennsylvama in 1S39 Ke had stucLed 
abroad and was recogiyzed as a competent phj sician Occasionally young men 
and women meetmg at parties would try the effects of inhalmg ether purely 
as a form of amusement Dr Crawford Williamson Long took part m such 
parties In the early months of 1842, there came to has office a young man 
named James Venable who had suffered for some Ume with a tumor on the 
back of his neck and who was m great fright ovei any attempts to remove this 
tumor by surgery Doctoi Long persuaded the boy to inhale some ether and 
lemoved the tumoi so that the boy was without pam Latei Doctor Long cut 
another growth from the neck of James Venable He then removed two fingers 
from the burned and mangled hand of a Negro boy, the first finger without 
ether, the second while the boy was unconscious from inhaling the sleep-pro- 
ducmg fumes In the mean t ime another mvestigator m Massachusetts 

was testmg the effects of ether m stoppmg pam Dr Wilham Thomas Green 
Morton, a dentist who was stud 3 nng medicme, had observed the attempts of 
another dentist. Dr Horace Wells, to use nitrous oxide gas to stop pam durmg 
an operation Those early attempts had failed A pubhc demonstration in the 
Massachusetts General Hospital had proved a fiasco, and no one had faith m 
the use of mtrous oxide Then Morton asked the famous physician, cheimst 
and geologist. Dr Charles T Jackson, if he knew of any substance t^t might 
have a more lastmg effect Doctor Jackson suggested to him that he try sulphuric 
ether On September 30, 1846, Doctor Morton e^actecl a tooth painlessly 
from the mouth of Eben Frost who had previously inhaled some ether Two 
weeks later he was given an opportunity by Dr John Collins Warren to demon- 
strate the effects of ether durmg an operation m the Massachusetts General 
Hospital It is the mormng of October 16, 1846 The scene is the operating 
room m the hospital where Doctor Warren is gettmg ready to operate He is 
dressed m his best with stnped trousers and a long coat In those days 

the surgeon had a coat which he wore constantly at operations so that, hke a 
butcher’s garment, it became stiffened with dried blood and could almost stand 
of Itself Near the operatmg table stood the attendants who were employed 
ordinarily to hold patients on the table Other doctors and assistants awaited 
anxiously the beginning of the demonstration For some reason Doctor 

Morton was delayed The patient had come for an operation on a congemtal 
but superficial vascular tumor just below the jaw on the left side of the neck 
Suddenly Doctor Morton entered the room He had been delayed attemptmg 
to perfect a new inhaler As he came mto the room. Doctor Warren said, 
‘‘Doctor Morton, your patient is ready ’’ Doctor Morton at once proceeded to 
apply the ether through his inhaler The patient breathed deeply He lost 
consciousness Then Doctor Morton turned to Doctor Warren and said^ 
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less silence pervaded t±ie room It was obvious to all that the patient was free 
from pam The tumour was dissected out m five mmutes After the operation 
was completed and the patient came back to consciousness. Doctor Warren 
turned to those who were present and said “ Gen demen, this is no hum- 
bug ’’ One month later, the great Ohver Wendeh Holmes, writing to 

Morton, said *‘My dear Sir — ^Everybody wants to have a hand m a great 
discovery All I will do is is to give you a hmt or two, as to the names, or the 
name, to be apphed to the state produced and the agent The state should, I 
think, be called ‘anesthesia ’ This signifies msensibihty Thus was bom the 
great discovery of the use of ether as an anesthetic To Dr Ciawford Wilhamson 
Long goes the credit for first usmg it m an operation To Dr Wilham Thomas 
Green Morton the credit for brmgmg it to pubhc attention, and for discovermg 
mdependendy its usefulness • To Dr John Collms Warren goes the 
credit for first usmg it m a major operation and to Dr Ohver Wendell Holmes 
the ciedit for givmg anesthesia its name • A few months later. Sir James 
Yoimg Simpson, professor of obstetrics at Edmburgh, used ether m a case of 
obstetrics for the first time m Great Britain However, after the passmg of a few 
months he was led to change from ether to chloroform as an anesthetic for 
obstetrical work and did much to popularize the use of chloroform m Great 
Bntain 

The newest anaesthetics such as the barbiturate “evipan^” which induces 
deep sleep withm about five seconds after a completely painless mtravenous 
mjectiona have eliminated the unpleasantly protracted period of antiapation 
which was madental to the earher methods of inhalation The patient may 
now be rendered unconscious m his bed and wake with no knowledge of his 
presence on the operatmg table In the long run anaesthesia has proved to be 
an immense boon Its first effect on the contrary was a record of failure which 
is almost imbehevable m retrospect One reason for this is easy to see Ex- 
perimental physiology had rapidly advanced durmg the first half of the mne- 
teenth century It so happens that many animals, especially the rabbit, which 
— ^partly on that account — ^is a favourite subject for laboratory work, do not 
readily succumb to post-operative infections and suppuratmg wounds 
Emboldened no doubt by the ease with which drastic operations can often 
be earned out m the laboratory, the surgeon was now free to imdertake feats 
which he could not attempt with patients who struggled under the knife 
Many unwittmgly helpful precautions of a disinfectant nature had dropped 
mto desuetude The general mortahty from operations rose steadily, so that 
in 1868 It was higher than 60 per cent 

Two empmeal discovenes based on the study of hospital practice paved 
the way for the advances which rapidly followed the devastatmg expenence 
of the Franco-Prussian war A few years earher a new routme had been mtro- 
duced mto matermty wards of the Vienna hospital by Semmelweis,* a 
Himganan physiaan He had gamed the impression that the disease known 
as puerperal fever, which at that time commonly followed childbirth with 

At the Manchester Infirmary, Dr Charles White, who wrote, m 1773, a work 
“On the Management of Pregnant and Lymg-in Women and the means of curing but 
more especially of preventmg the prmcipal disorders to which they are liable,” insti- 
tuted similar precautions, but neglects through lack of any theoretical body of 
knowledge to justify them Thw illustrates another side of the “unity of theory and 
practice** 
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fatal results^ was more common in ards attended b^r students the n in wards 
from which they were excluded He also noticea tna^ a form of septic poison- 
mg which he observed to follow a cut hana m the post-mortem room was 
remmiscent of the same disease From tins ne crew the conclasion that 
infectton was spread by products of decomposition and that piotection could 
only be assured by washmg v/ith substances hiiQ cHoxinated lime water — 
which remove the smell of putrefaction He iheiefcre instira.ed a regimen of 
ngorous washmg w^th thorough disinfectants oefore en:xv into his wards 
The result was a decisive reduction of maternal morLahty As with the 
practice of the few enhghtened surgeons^ like Le Fort (vtde die general 

attitude of the time was to ridicule the new samtary routine 

It was not yet known that all putrefymg orgamc matter contams micro- 
orgamsms, that suppuratmg wounds and pus are analogous m this respect 
and that the destruction of micro-orgamsms is a sufficient guarantee agamst 
putrefaction of dead orgamc material oi sepsis of exposed hvmg tissue 
The regimen mtroduced by Semmelweis was already begmnmg to be 
adopted m America, where Ohver Wendell Holmes m 1843 read to the 
Boston Society for Medical Impiovement a paper entitled “On the Con- 
tagiousness of Puerperal Fever,’’ assertmg that this disease might be earned 
from patient to patient pamcul^ly by physicians who had made post-mortem 
examinations or who had attended people with erysipelas Holmes recom- 
mended changmg the clothing after takmg care of a patient with puerperal 
fever and thorough washmg of the hands with bleachmg powder A French 
surgeon, Le Fort, mstituted similar precautions for operations, abohshed 
sponges, remtroduced alcoholized water for dressmgs, and exacted scrupu- 
lous cleanlmess from his students m the Hospital Cochm, where m 18GS he 
was able to reduce the average mortahty to twenty-four per cent 

Alphonse Gu&m mtroduced a new techmque m treatmg the wounded 
of the Commune at the St Louis Hospital in 1871 He had deaded to try 
out the possibihty that the “purulent infection may perhaps be due to the 
germs or ferments discovered by Pasteur to exist m the air ” So he washed 
all woimds with carbohe solution or camphorated alcohol, applymg thm 
layers of cotton wool and strong bandages of new hnen Other surgeons were 
astomshed to hear that the majonty of his patients had survived serious 
operations He enlisted the co-operation of Pasteur, who actively participated 
m the new hospital pohey. Progress m France was not as rapid as it was else- 
where A few years before Guenn had adopted the suggestion which emerged 
from Pasteur^'s work, the same conclusion had been tested m Edmburgh by 
Joseph Lister, who freely acknowledged his own debt to Pasteur, In Lister’s 
wards the atmosphere was sprayed with carbolic durmg operations, the 
wound was washed with it, and dressmgs made of gauze impregnated with 
an antiseptic mixture (i e one known to kill bacteria) were used to cover the 
woimd Between 1867 and 1869 Lister reduced the mortahty from ampu- 
tations to fifteen per cent.— now an alarmmgly high, as then an unbelievably 
low, figure. 

The antueptic techmque of Lister and Guerm was fundamentally different 
from the mc^em practice of asepsis suggested m its essential features hy 
Pasteur himself. They aimed at falling harmful microbes introduced by contact 
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With the instruraents, the air and the hands The resulting gam, though 
great, had the disadvantage that antiseptics are de facto substances which 
poison hvmg cells Though they may be much more harmful to bacteria 
than to the tissues of the body, it is difficult to give enough to ensure kiUmg all 
micro-orgamsms without damagmg the tissues unnecessarily The modem 
way IS to take every possible precaution to ensure that the air m the vicmity of 
the wound, the mstruments, the dressmgs, the hands and clothes of the 
surgeon, his assistants, and nurses are free from microbes — mainly by usmg 
heat to destroy them “Never make use of an mstrument,” said Pasteur, 
“without previously puttmg it through a flame ” He outlmed a programme 
for comparmg the results of makmg several masions m each of a series of 
ammals, subjectmg some to antiseptic, some to aseptic and some to neither 
treatment 

IMMUNITY AND DISEASE 

The next phase m the record of Pasteur^s contribution to medical science 
received a fresh impetus from agncultural problems m which his assistance 
was agam enlisted In the seventies the flocks of France were bemg decimated 
by a disease locally called charboriy now anthrax The special charactenstic 
of the condition revealed on autopsy is an excessive enlargement of the spleen, 
a compact organ which is present m the abdommal cavity of all vertebrates 
It has no ducts or glandular tissues, though it resembles a gland m appearance, 
and Its work is mainly concerned with regulatmg the products of eflFete red 
blood corpuscles, and perhaps,smce its substance is a porous reservoir of blood 
without the contractile walls of the finer passages and hence enormously disten- 
sible, It also provides a safety valve for the mcreased blood volume m the 
mam vessels when blood pressure is high When opened, the spleen of 
animals (sheep, cattle) which have died of anthrax reveals a black hqmd pulp 
Anthrax was nfe m Europe as a whole at this time One district of Novgorod 
m Russia according to Radot lost 56,000 head of cattle between 1867-1870 
Up to this time there had been numerous mdications that the presence of 
micro-orgamsms was associated with certam diseases and the work of Pasteur 
on silkworms had placed one mstance on a firm foundation Little advance 
had been made towards understandmg the way m which the smallest visible 
orgamsms, bactena, reproduce or how to cultivate them as pure stocks A 
new method of culture for bacteria foimd m Iivmg bodies was developed 
m the seventies by Koch, who was also workmg on the anthrax problem 
There is no need to retrace the historical steps by which modem methods of 
cultivating pathogemc bacteria have been perfected The experimental 
proof that an ammal disease is due to the activities of a microbe depends on 
(a) microscopic observation of the orgamsm m diseased mdividuals, (6) pre- 
paration of a “pure culture” of the observed orgamsm and (c) production of 
the diseased condition by moculatmg other individuals with a pure culture. 

The distinction between one bacterium and another is based primarily on 
direct observation of the shape or the colour assumed when a smear is stamed 
with a dye Various types are distingmshed (Fig 426) as baalh (rod-hke), 
coca (sphencal), spirochaetes (eel-shaped) They are also distinguished by 
the way they congregate in pairs (diplococa), as tufts like a bunch of grapes 
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(staphylococci; or as sijigk-file filcjnents (sirep:ococcO The matenals used 
m successfully culruTir^g their>j Jia opti£nu:n tcr^tpera -L*e for giov-th ana the 
results of mtroduc^g then into tre cVcJ a*so c^st^-guarr strains uhich 
cannot be recognized as aifferen-f* bv *ii.c>osccp.c 



Fig 426 — Bacteria and some other Micro«-Organisms 
All are magnified a thousand diameters (a) Streptococcus pyogenes^ which causes 
septicaemia, puerpeial sepsis, tonsilhtis, scarlet fever, and many other mfla mm atoiy 
processes (6) Pneumococcus of pneumoma (c) Gonococcus of gonorrhoea {<!) Bacillus 
cohi normally present m the human mtestme The typhoid bacillus is very similar to 
this one m appearance (a) Vibno cholerae of cholera (/) Bacillus pestts of plague 
(^) Bacillus diphthenae of diphtheria (h) Bacillus tuberculosis homtmSy which causes 
tuberculosis in man (*) Bacillus anthiacis of anthrax Some of the orgamsms are 
fo rmin g round spores 0 ) Bacillus tetam of lock-jaw, showing spores (k) Bacillus 
hotuhnusy which is responsible for the food-poisonmg called botulism (/) Virus of 
smallpox (wO Treponema pallidumy the organism of syphihs {ri) Bacillus radtcicolay 
responsible for mtrogen fixation m the root nodules of legumes (p 889) (o) Nitro- 
somonasy which converts ammomum cotnpounds in the soil into mtrous acid (j>) 
Nitrobactery which converts mtntes in the soil to nitrates All of the above except (/) 
and (»?) usually count as bacteria 

Culturing them mvolves finding a medium^ e g beef tea, m which they 
mtiltiply rapidly Nowadays the medium is set m a stiff jelly by addition of 
** agar so that it can be laid out m thin plates which are easily protected by a 
stenle cover firom contact with fallmg dust A drop of blood or ei^re^ed 
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ttssue fluid containing the microbe is added to a sterile agai plate After a 
while infected areas or colomes where the germs abound are seen as opaque 
areas on the surface The colomes sometimes have features characteristic of 
the type of microbe It will often happen that the ongmal drop contams one 
or more other organisms3 if it is difficult to get it with completely aseptic 
precautions The separation of a pure hne is effected by various devices, one 
bemg repeated subculture That is to say, a fragment of a colony is mtro- 
duced mto a fresh stenie agar plate, and a new colony obtamed till all the 
organisms cultivated are identical m shape, staining reaction, or chemical 
action. Alternatively the cultures, which are usually kept m a ‘‘thermostat” 
or constant-temperature chamber, are made at different temperatures to 
favour the growth of one or another type of organism present 

In the process of infection, suspensions contammg a known number of 
microbes m a flxed volume are used — so many himdred thousand or milhon 
mice This can be done with considerable accuracy without repeated 
recourse to the labonous method of direct enumeration The method com- 
monly used depends on the fret that the opacity of a suspension is greater 
or less according to the number of microbes present m a fixed volume If 
a fixed volume taken from a coarse suspension well shaken is diluted to a large 
volume of fluid, the number m an exactly measured drop of known volume 
need only be counted once The number per c c m the original suspension 
IS then known The original suspension can then be diluted successively, 
and tubes of vanous dilutions can then be used to match up the opaaty of a 
suspension of unknown strength. This yields results as good as the R^strar- 
General’s returns 

Koch found that microbes m a drop of blood from anthrax victims would 
multiply rapidly m the fluid (aqueous humour) expressed from the inner 
chamber of the eye When cultured m this simple way he observed that they 
began to lengthen prodigiously, becommg punctuated with fine granules like 
peas m a pod These fine granules like the spores of a fem can resist drought 
If a drop of the flmd dries, a few flakes of dust from the dned area can be 
used after a long lapse of tune to infect a culture medium, so the bacteria 
multiply by the method of spore formation Pasteur took up Koch’s method, 
usmg household broths or beer yeast as culture media He discovered that 
when the process of spore formation occurred and flakes consistmg of dense 
aggregate of swollen ffiaments appeared m the flmd, a drop of it would infect 
a second sterile broth, which would then reproduce the appropriate disease 
symptoms if mjected under the skm of a rabbit or gumea-pig He successively 
subcultured forty times Like the widow’s cruse the broth contmued to pro- 
duce an mexhaustible store The toxic power of the broth had also the power 
of self-multiphcation, because, m fact, the power lay m the orgamsm and 
the orgamsm reproduced its kmd 

You will notice that Pasteur had here evolved a method for recognizmg 
the existence of an organism even if — unlike the anthrax baciUus — ^it is too 
small to see Non-hvmg matter is not self-reproductive, and when the power 
of self-reproduction appears to be exhibited by a non-hvmg system like a pot 
of broth or a plate of agar we can justifiably infer that an orgamsm is at work 
When a micro-orgamsm like those which produce mosaic disease in potames. 
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measles m children^ and many of the va^. negated petal t5!pes of tulips^ cannot 
be directly seen tnrongh the microscope it as cahed a vifus As microscopic 
conslrucuon has improved some orgamsnis have ceased to be viruses and 
have become microbes So subsequent history has repeatedly justified the 
conclusion that seh -reproduction is a sufficient test of tne presence of an 
orgamsm 

We can get an idea of the dimensions of a \arus by appl^/in^ the method 
which Spallanzani devised — unsuccesslully — to tes. the ro’e of the sperm m 



Outlines of {a) head of human sperm, (jb) tubercle bacillus, (c) a filter-passing 
organism, (d) the largest known protem molecule (that of haemocyamn, p 801), 
1^1 magnified 10,000 times They are enclosed in a circle representmg the circum- 
ference of a human red blood corpuscle, to the same magmfication The microscope 
can never make visible things so small as c and d, smee the wave length of visible 
hght sets a limit to microscopic vision 

fertilization He failed to prove what later workers like Prevost and Dumas 
foimd, because some sperms will pass through a filter made of a smgle layer 
of blottmg paper Filters of vanous kmds allow particles of various sizes to 
pass through them and viruses are sometimes called filter-passmg orgamsms, 
meanmg thereby that they have firee egress through filters which check the 
passage of particles just large enough to see with the best microscopes 
(Fig 426) 

For several reasons the discovery of spore formation by bactena was a great 
step forward. It dispelled the objections raised by several workers who had 
failed to find the anthrax baciUus in its ordinary form and had therefore 
concluded that its presence was not a necessary condition of the disease It 
also threw new hght on the way m which contagious diseases are spread 
For instance, the fact that the spores of bactena may retain their power tp 
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germinate for a long period, just as seeds of plants do, explamed why people 
who occupy a house which has not been disinfected by agents for killing 
bacteria will contract a disease from which a previous occupant died Then, 
agam, the failure of some experiments m which stenhzation with the apparent 
destruction of all bacteria did not prove successful m preventmg a new crop 
appealing received a sufficient explanation, when it was found that spores are 
much more difficult to kill than the vegetative phase m the life history of the 
microbe For mstance, anthrax baciUi can be rapidly killed by compressed 
oxygen and they all die after a few hours’ exposure to a temperature of 80** C 
The spores are not harmed by oxygen and will resist boilmg for some hours 
The two facts last quoted, and similar experience with other microbes, 
were together responsible for a very prevalent superstition and a signal 
advance m asepnc-and antiseptic precautionary measures Most bactena can 
remam, like the yeast orgamsm, without oxygen m the hvmg state While the 
new knowledge was nghtly encouragmg greater cleanliness, its popularization 
also fostered an mordmately exaggerated behef m the virtues of fresh air 
Air, if infected, owes its power to transmit disease to the presence of highly 
resistant spores which are unaffected by pure oxygen, and a fortton by the 
mmute differences m the oxygen content of a room with open wmdows and 
a room ventilated by the various cracks and small orifices which mvanably 
allow free passage of air currents Often when a room is said to be stuffy 
what distmguishes the air m it from “ fresh air ” is merely the presence of 
bodily odours, and the horror of stuffy rooms is largely a rationalizauon of 
a growmg bodily fastidiousness which arose as an imwittmg accompaniment 
of low femhty and the new samtary tmdmon * 

The knowledge that bactenal spores can resist much higher temperatures 
than the vegetative form, has made possible a safe techmque of aseptic 
surgery. Today dressmgs are kept for some time at a temperature much 
higher than that of water boilmg at atmospheric pressure One minor 
contnbution to the new samtation was to crown the mvestigations of 
Pasteur and his colleagues m the same field This was the discovery of 
anthrax spores m the mtestmes of earthworms It seemed plausible to 
suppose that infected carcasses of sheep and cattle which had been left to die 
m the open might hberate anthrax spores m the soil Besides emphasizmg 
the necessity of burnmg the corpses when such deaths occurred and hence 
suggestmg a new preventive procedure, the fact that the soil laden with 
spores of pathogemc imcrobes could be earned about m the bodies of earth- 
worms robbed the country churchyard of its elegiac charm. 

In the year 1878 Pasteur announced the general theory that infections 
and contagious diseases are propagated by micro-orgamsms which produce 
their effects by the poisons they make just as the vmegar orgamsm sours 
good wme About this time a chicks cholera epidemic was produemg senous 
disqmet m the country-side, and a veterinary surgeon sought Pasteur’s help 
The method of recogmzmg and culturmg bactena was now a routme and 
the identification of the nucrobe proved simple An incidental by-product 
of the enquiry furnished a new clue to the significance of one of the few 

* Of course, it is advantageous to ke^ the atmosphere m circulation to facihtate 
body temperature regulation by reducing me motstness of air m contact with the skm 
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first-rate discoveries of medicine dining the eAghteenth century Fresh 
cultures of the chicken cholera produced Aii'v ar*abl} fatal j.esrii«.ts w^hen m;ected 
Sub-cultures whicn had hy ciiance been aLoivea to strnd produced a com- 
parativelj/ mild disorder fiom \vhich recovery ensued Acc-aentuilv a benign 
strain had been isolated from the more malignant lypQ 

In further tests it was shown that the chickens v nicn rocoveren fAorn the 
bemgn form did not succumb to mj actions of the niaugnant c^J^tures vvhicii 
were fatal to healthy chickens In this way Pasieur slumblea on a correct 
theoretical mterpretation of the practice of vaccAnation lil^e any other 
correct theoretical interpretation of obseivcd phenomena^ a ^ecipe fot practice 

Durmg the eighteenth century smallpox had been one of me prev^aient 

and deadly diseases In many coxmtnes the majonty of people contracted it 
at some time or another Hence it came to be noticed that an early non-fatal 
attack conferred immunity m subsequent epiaemics In the East it was the 
custom to take advantage of this fact by dehberately exposmg people to 
infection from mdividuals with a mild form of the disease In 1798 Jenner, 
an Enghsh country physiaan^ announced the discovery that cowpox, a 
comparatively mild disorder which like anthrax affects cattle and human 
beings alike, confers immunity for smallpox, and the practice of vaccmation, 

1 e. dehberately mfectmg tlie hiiman body with the milder disease to ensure 
immumty agamst the m^gnant form, was quickly taken up Smallpox was 
wiped out m England within a centuiy Meantime, for nearly a whole century, 
no clue turned up to suggest the significance of the procedure Pasteur’s 
work on chicken cholera showed that it is but one example of a general 
class of reactions which the body shows to infecnve orgamsms and to the 
poisons they produce 

To see whether it was possible to confer immumty for anthrax on cattle, 
he therefore set about subculturmg anthrax bacilh and testmg his cultures 
to obtam a comparatively harmless strain His laboratory experiments on 
anthrax satisfied him They did not satisfy his medical contemporaries m 
France In this episode, as at the announcement of his earher discoveries, 
the discussions m the Academy had the character of theological debates 
upon the Anan controversy Unlike the Tnmtanan problem, the microbe 
question was amenable to pubhc demonstration As he had done agam and 
agam, Pasteur submitted his claims to demonstration before an impartial com- 
mission In one of the tests twenty-five sheep were immunized and mjccted 
with a malignant culture which was also miected mto twenty-five normal 
sheep at the same time All the twenty-five moculated sheep survived The 
twenty-five normal sheep contracted anthrax and died of it 

The final mumph of his career was his work on rabies or hydrophobia It 
was the penod from which the proverb *^mad as a dog” or the expression 
“dog days” date The disease was still fairly common>espeaally among sheep- 
dogs. It was quite mcurable, and at one time the horror excited by the symp- 
toms of human beings who had caught the disease after a bite from a mad 
dog encouraged the practice of smothermg or str a n g lmg the patient. Such 
bites were usually fatal. Between the bite and the first symptoms about six 
weeks elapse. Durmg this mterval it is possible to produce “active immuni ty ” 
Watery suspensions made from brains of infected rabbits which have died 
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of the disease are toxic, and, if fresh, fatal when injected into others If kept 
for some time they are less powerful and can be mjected without fatal effect 
When Pasteur was at last prevailed on to treat children who had been bitten 
by mad dogs, he used these weak suspensions, mjectmg strong doses day 
by day Thenceforth the usefulness of immunization technique gamed 
general support among the Enghsh leaders of medicme 

ARTIFICIAL IMMUNIZATION 

Smce Pasteur’s work m the latter half of the nmeteenth century the study 
of diseases produced by rmcro-orgamsms has been extended to plants, with 
results of great practical importance Two potato diseases are produced by 
different viruses^ for which preventive measures are now available The 
mosaic of white and green seen on the leaves of some plants is due to virus 
infections Such infections are not necessarily harmful like the mosaic 
disease of potatoes If they are not fatal, they may be valued for their orna- 
mental effects The bnlhant patterns of many of our tuhps are due to a virus 
which passes from bulb to bulb, producmg its characteristic effect m the 
petals of the flower. 

Among the more common human diseases which are now known to be 
due to bacteria or other micro-orgamsms which can be seen with an ordi- 
nary high-power microscope are typhoid, tetanus^ tuberculosis, scarlet 
fever, whoopmg cough, pneumoma, diphtheria, cholera, gonorrhoea, 
syphilis, anthrax, and infantile diarrhoea Those which are due to viruses, 
le. micro-organisms which are ^‘filter passers,” mvisible to direct vision 
through the microscope, mclude t3rphus, rabies, measles, influenza, mumps, 
smallpox, chicken-pox and encephahtis (sleepy sickness). To these may be 
added those diseases which result horn parasitic protista which are larger 
than bacteria Such are amoebic dysentery, trypanosomiasis (tropical sleepmg 
sickness), and malaria 

When some parasitic nucro-orgamsms are cultivated m broths, they set 
free poisonous substances called toxins This can be shown by mjectmg broths 
which have been filtered to remove the orgamsms or heated sufficiently to 
destroy them Successive mjeciions of very small doses of such broths make 
an animal able to put up with very large doses which would otherwise kill 
It Its own blood can then be used to neutrahze bacterial poisons m the 
human system What we now know of the power of the animal body to produce 
substances {cmti-^toxins) which neutrahze bacterial or virus poisons c:an there- 
fore be used m two ways The first, called active inmmmty^ is stiffening the 
resistance of the mchvidual against the possibihty of attack by encouragmg 
his own body to make its own cmUr^toxin The second, called passive immunity y 
IS reinforcmg the defences of the patient with ready-made anti-toxm from 
an animal, which has been actively immunized m advance. 

Proteih-fiee broths heated to toll the nucro-orgamsms or sera con- 
taimng relatively weak strams of a disease virus are called vaccines 
Vaccmes are mjected mto the human body to produce active immunity as a 
preventive or ‘‘prophylactic” measure A go^ illustration of their value 
gamed from the e^enence of the European war is ated by Campbell. French 
soldiers were not moculated with typhoid vaccines during the first sixteen 
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months Of 96,000 who contracted typhoid fe/er, 12,000 died of it Bntish 
soldiers received the vaccme Of 2,689 fever cases^ only 170 died Vaccmes 
with genuinely preventive value can be made for smahpox, typhoid, and 
cholera They are sometimes recommended for chrome colds and sore throats 
As Campbell pomts out, this is askmg more man we iaave any right to expect 
of them The fact that a patient has a chronic condition means that his own 
body cannot put up a successful fight against the organism or its poisons 
Givmg him a htde more poison is therefore pomdess 

To produce passive immumty the blood of an immunized animal is diawn 
ofif The clear flmd or serum left behmd after clottmg is then mjected mto the 
patient It can produce a transitory protecuon while an epidemic is ragmg, 
and, unlike a vaccme, can also be used to cure him, if he has already contracted 
the disease Serum treatment succeeds with diphtheria, tetanus, botuhsm, 
and baciUary dysentery Generally speakmg, it only works if the orgamsm 
responsible for the disease liberates its poison mto the body flmds 

CHEMOTHERAPY 

An alternative protection agamst micro-orgamsms is called chemotherapy 
Poisonous substances may be broadly divided mto three classes Some, like 
cyamdes and antiseptics, affect all cells Some affect special classes of cells 
common to most animals, e g strychnine, which acts on nerve cells, and 
curare (or arrow poison), which acts on nerve endmgs m muscles These two 
classes differ only m degree and the anaesthetics hke chloroform and ether 
which poison all cells, though they affect the nervous system more readily, 
might be placed m either Fmally a small class like carbon monoxide include 
substances whose action depends on some chemical peculiarity (see p 170) 
which IS shared only by restricted classes of animals The suscepnbihty of 
different species to other poisons differs with respect to any one of them, just 
as the suscepubihties of different types of cell differ m one and the same 
orgamsm. Thus the amoimt of strophanthin which wiU stop the heart of the 
common toad is about one thousand times as great as the amount which will 
stop the heart of the frog, and the amount of histamme required to kill a white 
mouse, when mjected mto the veins, is weight for weight about three hundred 
times as great as the amount which will kill a gumea-pig (0 0007 gram) when 
admimstered m the same way If an animal is infected with a parasite, the 
problem of poisoning the parasite therefore offers two possibihties One is 
to find a poison of the carbon monoxide class, i e one which only affects 
certam d^ses of organisms — ^attackmg the parasite without harming the 
host The other is to find a universal poison to which the host is far less 
susceptible than the parasite 

The first and safest method is relatively simple m dealing with bactena 
which will not hve m the presence of oxygen Thus all oxidmng agents like 
hydrogen peroxide, chlorme and lodme, which combme with water hberatmg 
oxygen are useful antiseptics, and a dilute solution of potassium perman- 
ganate IS used to kill the diplococcus of gonorrhoea m the early stage, 
when It IS possible to irrigate the infected region Other antiseptic reagents 
hke picric or carboUc aods, cresols (lysol) or formaldehyde are general cdl 
poisons to which bactena succumb more readily than the host tissues Since it 
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IS difficult to adjust the quantity to secure the first result \\^thout the second, 
they are best used to sterilize mstruments rather than for bodily apphcation 
Although the above may be used with more or less success for external 
apphcation, they are not adapted to mtemal apphcation This is so for a vaiiety 
of reasons Thus hydrogen peroxide is broken up by a tissue enzyme called 
peroxidase present m most cells of plants and animals If it were mjected into 
the blood the circulation would be obstructed by a vigorous evolution of 
oxygen On the other hand there are a few highly successful examples of 
chemical reagents which are much more toxic to particular orgamsms than to 
the host Itself, and can be used with impumty and often with complete success 
The earliest examples of drugs belongmg to this class were entirely 
empirical discoveries Peruvian bark was added to the pharmacopoeia by the 
Portuguese after the discovery of the New World Its essential constituent, 
now better known as quinine^ is a highly effective antidote for the malarial 
orgamsm Shortly after, some measure of success m treating syphihs with 
mercury compounds was achieved Durmg the past half century systematic 
search for such relatively specific poisons has been prosecuted with direct 
encomragement from the drug mdustry, and has produced several new classes 
of drugs which have proved highly eflBlcacious for mdividual diseases These 
mclude the arsemcal compoimds salvarsan (“606’’) and neosalvarsan (914), 
which are highly specific for syphihs, ratbite fever, relapsing fever and yaVfS 
The class of organic compounds Imown as the mlphonaniides aie highly 
eSicaaous for the treatment of puerperal septicaemia, cerebrospinal fevei 
(menmgitis), pneumoma and gonorrhoea Recently, penicillin a substance 
extracted from the blue mould Pemcilhum (pp 870 and 891) has proved to 
be equally efficacious for gonorrhoea, besides being highly toxic to the 
anthrax baallus and the bacteria of gas gangrene 

In contradistinction to the preventive use of vaceme, and the curative 
apphcation of immune sera and a few such chemotherapeutic drugs, mtelli- 
gent samtary routine based on the knowledge of how infection occurs is a 
powerful weapon m the struggle of mankind with micro-orgamsms Thus 
cholera germs are earned in dnnkmg water, and sterilization of water by 
boihng, by chlorination or other methods used m modem reservoirs is a 
sufficient safeguard The micro-orgamsm of yellow fever, which once made 
white colonization of Central Amenca impossible, is earned by a mosquito 
whose bite infects the human victim as that of a rabid dog transmits hydro- 
phobia As with malana, which is also earned by a mosquito, ehmmation of the 
breedmg ground of the mosqmto by the use of a thin film of paraffin oil on 
standmg water, or by drainmg swamps, makes infection tmpossible The com- 
pletion of the Panama canal is a direct result of applymg this knowledge. Ts^hus 
is earned by lice and bubomc plague by the rat flea. The destruction of hce 
and rats protects a commumty from the peril of infection with these diseases 
Three hundred years ago the average length of human life m England 
was thirty years Today it is sixty-one Of a thousand babies bom in Bacon’s 
time about three himdred normally died in their first year Today sixty die in 
England and thirty m New Zealand With inteUigent statesmanship we could 
bring the Bntish figure down at least as low as that of New Zealand In part, 
the record of progress is due to poor law reform, old age pensions, and other 
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amcliordtive measures In part;, it is due to sarutatiOii «md drainage under- 
taken— as witli malaiia — vMtiiout anj^ cleai. Liieoietical guidance On the other 
hand several diseases have been elmunaten by deSnite application of newly 
foimd knowledge, or, like smaHpox^ by the use of immunization before the 
nature of the techmque was understood Malaria, which as rampant m the 
fen counties of Defoe's England, disappeared before tne part pi.a>ed by a 
mosqmto m transmittmg the oigamsm was known Because we know^ this now. 
It is bemg stamped out dehberately and effectively vihere it stiJ persists 
Unless samty and samtation are submergea in \^orld v\ar by Japanese im- 
periahsm, cholera, typhoid, diphtheria and infantne diarrhoea will soon be 
historical or geographical curiosities like typhus, malaria and bubonic plague 

The knowledge which has made it possible to control diseases hke these is 
based on experiments with animals Those who value the welfare of mmers 
less than that of nuce and place the comfort of cats above the safety of 
children, devote painstakmg mgenmty to the plea that aU the improvement 
which has taken place is due to social reform and samtation There would be 
some plausibihty m these assertions if our pubhc statistics did not mclude 
the record of mdividual diseases The tempo of impiovement has steadily 
mcreased smee samtation has been guided by the new knowledge Thus 
the death-rate from typhoid m the Umted Stales fell from 06 per thousand 
in 1900 to 0 per thousand m 1932, and the present figme m the large cities 
IS below 3 per thousand. 

While the debt of mankmd to the progress of medical knowledge is sub- 
stantial, there is much to justify a cntical attitude to the present organization 
of medicme The system of pnvate practice which makes the medical man 
largely dependent on fees collected for the exercise of knowledge which no 
one man could possibly carry m his head at once is not adapted to the fullest 
use of the new knowledge One result is that the medical man becomes the 
tool of commercial firms which encourage the behef that their products confer 
benefits grossly m excess of any claims which the research worker puts 
forward The co mm ercialization of medical preparations by pnvate competmg 
firms perpetuates the alchemical elixir So soon as a new drug or treatment is 
discovered there is a strong temptation to welcome it as a panacea Modem 
practice still encouirages many silly illusions of this type Thus quimne, 
which is a highly specific and efficaaous drag for malana, is commonly taken 
for colds and influenza m the absence of the slightest evidence that it has 
any effect on them Similarly the success of early work on immunization led 
to the behef that any disease produced by a micro-orgamsm could be treated 
successfully by vacemes or immune sera We now know that this can rarely 
be done unless the orgamsm hberates its poison mto the circulation In short, 
there is no sm^e type of treatment which apphes to all of them. On the 
other hand, there is every reason to beheve that research can provide an 
effective weapon against any disease which results from the presence of an 
orgamsm which can be seen or cultured 

THE NITROGEN CYCUS OF NATURE 

Besides providing a powerful stunulus to the study of plant and ammal 
diseases which are produced by the activity of parasitic orgamsms sucb as* 
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bacteria^ viruses, fungi and so forth, Pasteur’s work laid the foundations of 
what IS now beginning to prove an important branch of agricultural science 
While space does not permit any reference to the practical importance of soil 
bacteriology, a bnef reference to one theoreucal issue which the new theory 
of infection helped to elucidate will prepare the way for further discussion m 
the ensumg chapter About the tune when crop rotation was begmmng to 
excite mterest and discussion m England, Glauber (1656) had discovered 
a new meaning m the adage “corrupuon is the mother of vegetation ” 
“Havmg foimd saltpetre m the earth cleared out of cattle sheds,” says Sir 
John Russell, “he argued that it must have come from the urme or droppmgs 
of the animals, and must, therefore, be contamed m the animals’ food, i e 
m plants ” 

He was thus led to the discovery that saltpetre might be used as a sub- 
stitute for manures to promote plant growth In England where the Heads 
of Enquiries had directed speaal attention to the use of manures, Mayow 
(1674) took up the problem from a new angle, estimated the saltpetre content 
m the soil at dijQferent times of the year and showed that it occurs m greatest 
quantity m spring when plants are startmg to grow He could find no appre- 
ciable quantity “m soil m which plants grow abimdantly, the reason bemg 
that all the mtre of the soil is sucked out by the plants ” 

We now know that mtrogen is an essential element of the protem molecule 
and therefore of the substance of all hvmg matter The use of mtrates m the 
soil is the prmapal way in which the plant gets the mtrogen necessary for 
makmg more protem m the process of growrth Hence a fimdamental issue 
which arises from the practice of agriculture is how the soil renews its supply 
of mtrates “sucked up by the plants ” Though crop rotation showed one way 
m which the renewal occurs m nature without the mtervention of artifiakl 
manures, the use of legummous crops, hke clover, samfom, lucerne or beans, 
to improve soil depleted of its mtrogenous materials remamed a complete 
mystery till Pasteur’s work had shown that useful “fermentations” produced 
by micro-organisms differ from harmful “putrefactions” only m so far as the 
results immediately affect the convemence of human bemgs 

The recogmtion of the need for greater care m the disposal of sewage 
sufSciently explams renewed mterest m the nature of a process which had 
defeated all previous enquiries, after mterest m the question had been 
qmckened by the work of Boussmgault (1841), who had conclusively proved 
that leguminous plants differ ftom others m bemg able to take mtrogen from 
the air itself When animal or plant residues putrefy one of the products is 
ammoma, which can be easily detected m the atmosphere near a manure 
heap Nitrates, as Glauber had shewn, are also formed* Pasteur himself had 
suggested that the production of mtrates is due to bacterial activity *, and this 
suggestion was put to the test m an experiment by Schloesmg and Muntz, who 
were studymg the purification of sewage by land filters during the seventies 

In their mvestigation a contmuous stream of sewage was made to tnckle 
through a column of sand so slowly that it took eight days to pass through it* 
For the first three weeks the ammonia present m the sewage was not affected 
Later on no ammoma was present m the issuing flmd which now contamed 
mtrates instead The delay could hardly be due to chemical action, and the 
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fact that conversion of ammonia mto mtrates was stopped if traces of chloro- 
form were added, indicated that an organism was at work About the same 
time an Enghsli chemist, Warmgton, she wee mat solutions of ammomum 
salts can be “mtnfied” by addmg a trace of sen Tne orgamsms were success- 
fully cultured by Wmogradsky ten years latei 

'fhese espenmenls indicated what was pro ^ec cmectlv oy adding manure 
or pure mtrates to sana cultures or ordinary crop plants like oats The 
manure simply supphes the green plant with mtrates which are formed by 
the acuon of baaena on it With seeds of legummous plants like beans, lupins, 
clover, lucerne, etc , which are used to restore the soil m a crop rotauon, the 
growth is not propomonal to the mtrates supphed Given eno-igh mtrates to 
start their growth, the seedlu^ normally establish themselves m a sana 
culture with no need for any further addition of mtrates, ammoma sales or 
manure Such plants differ m an important respect &om ordinary crops 
Their roots always have httle round nodules which are easily visible if you 
uproot a lupm or sweet-pea plant Microscopic exammation reveals that these 
root nodules are realty small tumours infested with bacteria So if legummous 
seeds are grown m stenhzed sand they form no nodules It is then found t-hai- 
they will not grow unless they are regularly supphed with mtrates like oats or 
grass seedhngs If a htde water which has been shaken up with ordmary soil 
IS added to die sterilized sand cultures, the seedhngs develop nodules and 
no longer require the further addition of mtrates to make them grow 
The fact that they do grow and put on body weight whidi analysis shews 
to be partly the result of an mcrease of mtrogenous matenal, shews that they 
must get their mtrogen from the air directly Thus the root nodule of legunun- 
ous plants is a bemgn, or one may rather say bett^eni tumour, produced by 
an orgamsm which can use the mtrogen of the air to make mtrates Two 
French workers m the nineties rounded off the story by analysing the au, 
the soil and the seed for mtrogen at the beginning of an experiment, and the 
air, the plant and the soil at the end of one The results of such an experiment 
are shewn below • 

Pea seedhngs Cress seedhngs 
(fmlhgreans) imtlhgrams) 

Nitrogen lost by air 134 6 3 8 

Nitrogen gamed by soil or plant 162 4 2 0 

Apart from what is taken up by free soil bacteria, there is no appreciable 
loss of mtrogen frnm the air when cress seedhngs grow, and the totd mtrogen 
content of plant and soil does not diange when cress seedlings are cultured, 
because the cress gets its mtrogen from the soil which loses proportionately 
On the other hand there is a total gam of mtrogen by the pea seedhngs and 
this gam is o&et by a corresponding disappearance of atmospheric mtrogen 
This 18 why soil on which a legummous crop has been reared contams more 
mtrates at the end of the season instead of less The mtroduction of regular 
rotation of legummous and non-l^tiQunous plants was, like the fermenta- 
tion of wme, an unwitting experiment m what may become a most important 
devdopment of biotechnology — the domestication of micro-organisms 
The discovery of mtrogen-fixmg bacmtia stimulated the search for more 
direct means of tapping the vast reservoir of atmosphenc mtrogen for human 
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use at a time when the need was becommg critical Nitrate deposits are raie 
in nature During the eighteenth century the mtrate content of msanitarj 
dumps in India was a coveted souice of material foi the gunpowder industry 
At the begmnmg of the nmeteenth a new source was exploited Along the 
western coast of South America enormous deposit!, of sodium mtiate (Chile 
saltpetie) formed from accumulauons of bird excrement became avail- 
able for export, and supphed the growmg demand for arti&cial fertilizers 
Moie ihan 50 milli on tons have been removed smce their discovery Crookes 
startled the world of science m 1S9S by pomtmg out that huge populations of 
mdustnahzed countries could not much longer replemsh the mtrogen or the 
soil from which they got their food, at the rate of depletion which was then 
talrin g place Subsequent history provides a foiceful example of the in 
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Fig 427 — ^The Nitoogen Cycle m Uncropped Iand 
In this case the plants die where they grow, and the cycle plants nitrates plants is 
complete except for losses m the diainage water These losses are made good at the 
other end by nitrogen fixation by bacteria m root nodules or in the soil, and the losses 
and gams tend in die long run to come into equihbrium In cropped laud, the plants 
are removed from the soil and with them their mtiogen Their loss of nitrogen can 
then be made good by addition of mtrogenous manure or by growing a crop of legumes 
and ploughmg them m, or by lemng the land he frllow or under grass, so that nitrogen 
fixers m the soil can have ume to make good the loss 

which chemical and biological science is continually finding umversal substi- 
tutes for the ready-made products which Nature supphes m restricted areas 
One method of fixing atmospheric mtrogen, operated on a commercial scale, 
IS the cyanamide process Finely powdered calaum carbide (used for acetylene 
lamps) takes up mtrogen when roasted at a high temperature m an atmo- 
sphere of the pure gas The product is poisonous, if laid on too heavily when 
apphed to the soil, and is disadvantageous if the soil already has a high i^aum 
content Where hydxoelectnc power is abundant a method which has proved 
economically adequate is the Birkeland and Eyde process m which air is 
blown through an electric arc into water. Some of the nitrogen end oxygen 
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umte wC forin ou.cie vv!i*cj: disco: ec ad die sctcr fcnriing mtnc acid 
The process iziuztes decrise trece^ of ?cad a*e formed m air 

dining tdimderstorms The success of 11.0 dcrdi^n cicdi-*st Haber^ whose 
discovery that mtroger and nydregen ne^xwC,. tegetne. ^ngh pressures 
in the presence of a ^a^lyst such as aicn or ^ od ces form ammoma^ 

made German egneurure yneependent of CcL-e icaupejre d^-rnig the Great 
^'ar If tne iLicl ^.ssae f ued to fulfil C^a,-oCi’s cLeam Tp of uce Pre^pazty 
oj Gi^inc^zy^ events co-il ccarceay 'lav^ ferrushed a more sccc^acoid. \-ndica- 
tion of the vision vvii.cn tne discoverer Oi. aruf Ci^! niL-cgenc^iS manures had 
entertained After Hitler'^s iise to a gratcftii Co 'eamnen: forced Haber 

to resign his professorship and research pos^s^ for v mci lc as deemed to 
be unfitted by ins non- Aryan antecedents 

In newly developed countries kke Canada the sod .s often aencient m the 
nitrogen fixing bacteria which form root nodales, and i« then mcapaoie of 
permitting the growth of healthy crops of legummcus piants unless a culture 
of the orgamsms is spiinkled on it The Canadian Government has system- 
aucally encouraged the faimers to send samples of soil for testing If foimd to 
be free of nitrogen fixing bacteiia, cultures are suppLed to infect it The 
extent to which biotechmcal mvenlions are encouraged a^d apphed is almost 
entirely due to public seivices Till the Soviet Umon assumed a posiuon of 
leadership m agricultural development, the Umted States, with a highly m- 
dividualistic tradiUon of industry, was foremost m pursuing f»jQ energetic pro- 
gramme of agricultural advice, test work, and disease control under the 
direction of the Federal Bureau of Agnculture The success of American 
agiiculture is the retort courteous to American mdividualism 

The only conspicuous constructive biotechmcal achievement which has 
developed under private enterprise is the cheese mdustry The production 
and ripcmngof cheesedepends on a varied assemblage of bactena and moulds 
(fungi) such as the Pemctlhum which confers the green colour on the Gorgon- 
zola The flavour of a particular cheese, like that of a particular wine, formerly 
known by its local name, depends on the small quanuties of organic com- 
poimds — chiefly este:ts — ^formed m addition to the mam product of lactifica- 
tion or fermentation by other orgamsms The local quality of the mdk is 
mainly important m so far as it provides a smtable culture medium for a 
particular micro-fauna When the method of culture is understood, cheese of 
a particular type — Stilton, Cheddar, St Ivel, Dorset Blue — can be made 
under laboratory conditions m any part of the world 

Agnculture is the Cmderella of production m most countries where the 
capitahbt system survives If our glimpses at the social background of saence 
have taught us an3nimg, biotechnology wiU not make rapid stndes like 
engmeenng, chemistry, and ph3rsics, till a new social mechanism of food 
production comes mto bemg The collectivization of agnculture m the Soviet 
Umon may therefore prove to be a turning pomt in history, the end, as Lenin 
put It, of village idiocy The destmy of the largest natioiial umt m existence 
IS now committed to scientific food producuon Future historians may think 
that the follies and mtolerance of a young civilization are trivial in comparison 
with the momentous achievement of creating a new social impetus to biological 
discovery 



CHAPTER XIX 


THE LAWS OF INCREASING RETURNS 

The “Invisible CoUedge” which afterwards became the Enghsh Royal 
Society was formed by a group of men inspired by Bacon’s eloquent plea 
that “the true and lawful goal of science is to endow human life wnth new 
powers and mventions ” Biological no less than mechamcal mventions were 
promment m the programme to whidi they set themselves Among the topics 
which occupy a promment place m the “Heads of Enquiries” are the pro- 
perties of soils and manures When Bacon wrote the Advancement of Learn- 
ings It was beheved, m his owm words, that water constitutes the “prmaple 
of nourishment” of the green plant By an iromcal circumstance van Helmont, 
who first studied carbon dioxide and mtroduced the word gas mto the 
dictionary of science, beheved that he had proved that plants need httle 
sustenance except water He earned out what appears to have been the first, 
certainly one of the first, experiments on the nature of growth A young tree 
shoot was potted m a weighed quantity of soil “In the end,” he tells us, “I 
dned the soil once more and got the same 200 pounds that I started wnth, less 
about two ounces Therefore the 164 pounds of wood bark and root arose 
from water alone ” 

We now know that the green plant, like Shelley’s chameleon, “hves on 
li g ht and air ” Shdley’s statement would have been nearly true if he had 
substituted rainellias for chameleons. A large bulk of the extra growth m 
van Helmont’s experiment came ftom the carbon dioxide whidi is normally 
present m the air Admirable m prmaple, van Helmont’s mvestigation had 
two other practical defects He did not weigh the water supphed to see 
whether 164 pounds of water had actually disappeared, and he underrated 
the significance of the two ounces of soil 

Fu^er progress towards saenufic knowledge of how food is produced 
resulted ftom the discovery that saltpetre is present m manure This dis- 
covery, which,like so many others m the history of saence, was partly prompted 
by the search for new ways of destroying human life, led him to another 
which proved to be the means of conservmg it Glauber foimd that the 
saltpetre content of manure is mainly responsible for its power to mcrease 
the fertihty of the soil That is to say, saltpetre, or as we now know mtrates 
m general, can be used instead of manure to revive exhausted soils Mayow 
(1674) m England seized on this discovery m the spint of the new programme 
of “Heads of ^quines,” estunated the nitre content of the soil at different 
seasons by such methods as were then known, and showed that it is highest 
m spring when the crops begm to grow 

Ajq early example of the use of prease methods m the study of nutnuon 
IS furnished by an experiment m which another Englishman, John Wood- 
ward (1699), tracked down the missmg two ounces m Helmont’s work. 
Woodward grew spearmmt m ram water, Thames water, water ficom the 
Hyde Park conduit, and water to which a measured quantity of soil had been 



The Laws oj Increasing Returns 893 

added He then measured the soLd conte::! of each sample of v^ater, the 
water used up^ ana the gain m weight of eacn set of plants! after a penod of 
eleven wrecks The historic interest of this winch shovvs the use of 

quantitative methods in advance of conteznpoiar3 cnenncai nr^ctice till the 
time of Black anc Lax^oisier^ i^ insirucnve^ \ Hen we ^eccJl the powerful 
impetus which the stua;^ of cncrmstry recei/ed die srjd^ Ox' artificial 
manures (see p 40Sj Tvo typical e\periinen*.£s a^e oy Russell^ as 

follows 
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With the new air pump of Hooke and Boyle, the Enghsh physician Hales 
showed that air as well as salts and water is necessary for plant growth In 
the same social context one of the predominant foa of enquiry was the nature 
of flmd pressure and flow In 1727 Stephen Hales pubhshed his Vegetable 
StaUcks m which he described experiments on the amount of water taken 
up by the roots and the amount which evaporates from the surface of the 
leaves These showed that there is a continuous flow of water from the 
roots to the leaves By fixing a pressure gauge to the cut end of the stem of 
a plant m moist soil or water. Hales measured the actual “root pressure” of 
the ascending sap. The cells of the fine hairs on the roots are senu-permeable, 
allowmg water to pass mwards more readily than salts (Fig 428) So water 
IS sucked m by the osmotic pressure of the sugars and salts of the sap 

To an appreciable extent, as Hales discovered, the ascent of sap is due to 
capillarity (see p 398) Water passes up the stem through the fine vessels 
called tracheae^ which make u^f the bulk of the woody part of the stem and 
the vems of the leaf Tracheae (Fig 398) develop from rows of elongated 
dead cells with spirally thickened walls* The cells are arranged end to end 
The transverse walls between adjacent cells arranged m smgle file break 
down, so that contmuous tubes of exceedingly fine bore are formed Hales 
performed experiments on c^illarity with toe glass tubes. The physical 
phenomena of capillarity and of osmosis were both discovered m connexion 
with the problems of the movement of water m plants 
We now know that the ascent of sap is not wholly accounted for by the 
contmuous supply of water to the tracheae by the osmotic action of the root, 
or by the capillary attraction of the wood vessels A third process, known 
as tramptraiton^ pl&ys an important part, especially where die sap ascends 



894 Science for the Citizen 

to a considerable height as in trees The thin~v^ ailed cells inside the gieen 
leaf lose large quantities of v^ater by evaporaac and as this happens the 
osmotic pressure of their sap tends to use, and may reach 10 or liO atmo- 
spheres Water is consequendy drav^n mto these cells, by osmosis, from the 
tracheae of the leaf veins If confined m narrow tubes, watei colomns are 
capable of withstandmg suction amounting to several hundred atmospheres 
without breaking Suction of water m che tracheae of the leaf Cc n thus diaw 
the columns of water, extending through the tracheae from leaf to loot, 
upwards agamst gravity, as if thej’ were so many solid ^ods 



Fig 428 — Part of a Section Through a Young Root 

The most important difference between the stem and the root is that the younger 
parts of the latter are covered by a layer of thm-walled cells, which are readily permeable 
to water Many of these cells have fine hair-like outgrowths, the root-hmts^ which 
penetrate the moist soil and offer a large surface for the absorption of water and 
mineral salts m soluuon The wood and bast of the young root are arranged on alternate 
radu instead of together m bimdles as in the stem, and the whole vascular cylinder is 
enclosed m a sheath of cells, the endodermts^ sometimes found also in stems 'Ihe 
pith IS often absent 

Dunng the first half of the eighteenth century mterest m manures vas 
tesmporanly subordmated to mechanical improvements In England the 
protagonist of the new methods was Jethro Tull, who mtroduced the drill, 
thereby e liminating wmd and labour waste due to broadcast sowmg Tull 
advocated frequent hoeing to pulverize the soil between seedlmgs planted m 
uniform rows His methods, which systematized a variety of local practices 
in a single routme, spread to other countries, and naturally produced con- 
siderable improvement by makmg more thorough use of available natural 
resources already present m the soil without recourse to manures Tulles 
wntmgs were translated mto French, provoked widespread controversy, and 
made the nourishment of the green plant the pivotal issue of agncultinral 
theory and practice. 
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Meanwiiile Scotlana jtas pjsc^g c rap.c of agiarian expan- 
sion and reorganization desc;.i::ed in IIa~ Vck 'pn 431 and oS3; 

In 1723 The Ho^ion^ able uitC Society 1 ^ t / ^ Tl^^ziledjc of Agri-^ 

chI^ • e inco'po^rLed to crrrj on a q< fc bp caning and sharing 

mTcrmatioa concc^cm^ iie.T te^'^nnique Sao*^.sn continued to 

thri^’’e curing the process cf mdwbtr-an 2 £L.on ' irz Ow^^n ^zitt tne iinen 
indusuy and proceeded cp^ce m the Zaaer ha'I of toe cenoar} Chemical 
manufacture wos oegjnmng Medica^ men equipneu checxcai know- 
ledge such as B.aci j Roeoucka and Frances Home ^ ere m c^ose contact with 
the rising Trid^strAec Homca wiiose contr^juticn to tne ^leac^ng of linen 
has oeen ated (p 435)^ thse^/hnnseiTwith equal zes. iulo p.oDlems laised 
by the Improveis In 1757 he published Jie resmt of his o'^'in. researches in 
a noteworthy treatioe, Praiciples of Ag^xuhvro The more tne farmers “know 
of the effects of different bodies on plants^ ^ he declared^ “the greatez chance 
they have to discover the nourishment of plants * 

Home made pot e’^perimentS;, adopting TI'ood\*^ aid’s quantitame methods^ 
added measured quantities of various substances (Epsom salt, potassium 
sulphate, saltpetre, etc) to a ineasared amount of soil, aiid compared the 
weights gamed by plants grown m each mistuie Though such experiments 
were the foundation ot modern use of potash fertilizers for soil deficient in 
potassium salts, mtelligent use of appropriate fertilizers could not yet be 
piesciibed A systematic classification of compounds based on their common 
ingredients and an analytical techmque gmded by such a classification were 
not yet to hand Even the simple conclusion that air is essential to plant 
growth, as it is also essential to animal survival, was without meaning because 
•of the pauaty of precise information about the constituents of the atmosphere 

These deficiencies were soon to be removed In the half century which 
followed the foundation of Roebuck’s factory for makuig sulphuric aad, and 
witnessed the ascent of the first hydrogen balloons, the introduction of coal 
gas and metallurgical mnovations associated with the use of steam power, 
chemical science grew rapidly Black’s work on carbon dioxide, Rutherford’s 
isolation of mtrogen, the researches of Watt, Cavendish, and Charles on 
hydrogen, those of Priestley, Lavoisier, and Scheele on oxygen — distm- 
gmshed the prmcipal constituents of air and the four elements which make 
up the bulk of plant tissues They reawakened mterest m the problem of 
breathing and made it possible to analyse the elementary consutuents of the 
atmosphere and of the plant body 

While prosecutmg the researches which led to the modem view of metal- 
lurgical processes, Scheele, Priestley and Lavoisier also devoted their efforts 
to the analogous problem of combustion, breathmg, and animal heat An 
important by-product of these subsidiary mquines were two contradictory 
observations One was made by Pnestley who claimed that mmt purifies air 
made unfit to sustam ammal life by breathmg The other was made by Scheele, 
who asserted that plants like animals vitiate air. In modem terms Priestley 
claimed that plants remove carbon dioxide, Scheele that they produce it 
Spallanzani seems to have been the first to have resolved the paradox by notmg 
that aquatic plants give off bubbles of oxygen m sunlight and do nqt do aq 
darkness. Two European workers, Ingen-Housz and Scnebier (1779tIW^ 
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independently took up the clue, and showed that v^hile plants remove carbon 
dioxide from the air and give up oxygen to it m sunhght, they evolve carbon 
dioxide and take up oxygen m the dark They thus showed that two kmds 
of gaseous exchange between the green plant and the air occur One is 
comparable to respiration m animals The other is essentially different 
from It* 

At Geneva Senebier was associated with the biologist de Saussure, who 
was m dose touch with Spallanzam In 1804 the son of de Saussure undei- 
took an enquiry on the same hues as the experiments of van Helmont and 
Woodward, addmg two new features which advancmg knowledge of the 
chemistry of gases now made possible In addition to weighing the dry 
matter which the soil loses and finding the total gam m weight of the plant 
Itself, he measured the changmg composition of the air durmg its growth 
and analysed the constituents of the ash and combustible matter of the plant 
separately 


THE COMPLETE ANALYSIS OF GROWTH 

The principle of experiments undertaken like those of de Saussme to give 
a complete balance-sheet of plant growth may be outhned as follows A 
group of seedlings is divided mto two lots, one is set aside for complete 
analysis at once The others are (a) first weighed, then cultured m a closed 
chamber through which a known volume of air is passed, with their roots 
m a measured volume containing a mixture of salts (mtrates, phosphates, 
and sulphates of potassium, calaum, and magnesium) approximating to that 
of a suitable soil content, (&) weighed a second time after a period of active 
growth, and then subjected to complete analysis like the first batch of 
seedlings. 

The analysis of the seedlmgs or of the grown plant mvolves three opera- 
tions Each is weighed, thoroughly dned, and weighed agam The loss of 
weight represents the imcombmed water of the plant jmces The dried plant 
IS mcmerated m a hard glass tube through which dry C 02 -free air is passed 
(Fig 429) The loss of weight represents the total combustible or *‘'orgamc” 
matter m the plant body The residue is the weight of mmeral salts which 
may be separately analysed If the air is sucked from the combustion tube mto 
(a) some dehydratmg agent like strong sulphuric acid or calcium chloride, or 
(&) some CO 2 absorbent such as lime or baryta, the total carbon and hydrogen 
which go to make up the orgamc matter can be estimated, Smce the air 
drawn through the chamber contains no water vapour or carbon dioxide, the 
gam m weight of the dehydratmg agent is due to water formed by the oxida- 
tion of hydrogen m the combustible matter of the plant, and the gam of the 
lime or baryta is due to CO 2 formed by oxidation of the carbon One-nmtb 
of water by weight is hydrogen, and three-elevenths of carbon dioxide is 
carbon. Hence one-nmth of the mcrease m weight of (a) represents the 
hydrogen present m the orgamc material of known weight, and three- 
elevenths ofthe mcrease m weight of (J) represents the carbon The percentage 
of carbon, hydrogen, salts, etc., m the seedlmgs is not found to vary much. 
If, therefore, the weight of a plwt cultured ficom the same stage m a nutnent 
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solution IS known^ an accurrite estimate or its composition at the beginning 
of the e\per*ment can oe made from the sis of tne first toctcn 

This is ho\i vve can hna ho^ v mucn the \ eignts of salts^ carbon^ hy drogen^ 
etc 5 mci.ease m a perioa of growth To find nhere ah come from it 
IS necessary to analyse the cir and the nutrieTii. solation ir> \»iiich the roots 
grow A stock of the latter contammg a n ve*grt of each constitaent 
in a measured volume aS hist made ap If tne ^ olome of Gcl*-.t*on used for each 
seeding measured^ their initial sapplj^ of salts is Lherefoie At me 

end of the e^^periment each so^nuon used is analysed, and tiu loss maicates 
how much has been taken up by the plant The loss of phospnc of metaihe 
salt consatuents (potassmiHj calcium^ magnesium) e’^activ corresponds to the 



Fig 429 — ^Amount of Cafbon and Hydrogen Fixed in Organic Matter in the 

Green Plant 

When incinerated m a current of dry air, the organic matter of a dried plant is oxidized 
with formation of water vapour and carbon dioxide The sulphuric acid in B absorbs 
the former, the soda lime m A the latter If A and B are weired befoie and after the 
experiment, the mcrease in weight of A gives the carbon dioxide (three-elevenths of 
which represents fixed carbon), and the increased weight of B gives the water \apour 
(one-nmm of which is fixed hydrogen) 

mcreased quantity of each m the plant ash The loss of sulphates and mtrates 
does not quite correspond to the gam of sulphates and mtrates m the plant 
body Pait of the sulphur and most of the mtrogen appear as oxides of 
these elements driven ofiF when the orgamc matter is incmerated When 
this is taken mto accoqjit all the mtrogen present in the orgamc matter of the 
plant IS found to come from the mtrates m the nutrient solution* 

If the nutrient solution contains no free COg, no carbonates nor other 
soluble compounds of carbon, the gam m weight represented by the carbon 
of the orgamc matter does not enter the plant by the roots Unless livmg 
things can manufacture elements out of nothing, or can transmute one 
element mto another, it must therefore come from the air, which as Priestley 
proved is “purified'^ by the green plant m sunhght Experiments show that 
seedlings will not grow m the dark nor m ^ once they have thrown 

2F 
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oflF their seed leaves (Figs 434-5) which contain a store of inorganic material 
To show that the carbon content of the combustible matter comes from die 
carbon dioxide, the air drawn out of the closed chamber (Fig 430) is passed 
over a COg absorbent, e g slaked lime The volume of air which is drawn 
through the chamber while the experiment is m progress is easily measured 
m the way illustrated m the figure The mcreased weight of the tube con- 
tairung the COj absorbent shows how much COgis piesent m the air which 
has circulated around the plant The CO 2 present m the same volume of air 



Fig 430 — ^Fikdikg the Carbon Dzoxxdb Uptake of a Green Puusrr 


In the duxmny e^ermxent above a fixed qxianaty of air (e g 20 litres) is passed through 
the apparatus, the carbon dioxide being absorbed by the Soda llizae A The same 
quannty of air passed over a green plant durmg a corresponding penod gives up its 
remaining carbon dioxide to B The dtSerence between the amounts of carbon dioxide 
taken up by A and B gives the carbon dioxide uptake of the plant durmg the mterval 

which has not circulated round a plant is determined m the same way, and is 
foxmd to be greater The difference is the weight of CO 2 removed from the 
air by the plant Three-devenths of this (p 461) is the carbon which the plant 
gams m growth, and corresponds to the gam of carbon determmed by 
mcmemtion. 

CXIMMERCIAL MANURES 

De Saussure^s work established the revolutionary conclusion that the 
green plant gets all its carbon firom the air and that it can only do so m 
sunlight It belongs to the same social context as that of Priestley, Lavoisier, 
BerthoUet, and Davy;> whose researches partidpated m the early stages of 
chemical manufecture at a time when a new demand for metals to meet the 
needs of new mdustry conspired to focus attention on the part played by gases 
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in chemical combination also tniew Iigi*. o-i die essential mineral 
consutuents ot the pla*ii Dodv^ m Lire and pLos^jhates This pa^^cd 

the W3.J foi a nev? s3'nlhesis cf prac^cal Jreoreucal kno\\ledge^ 

and indi'St*ial enterpi-se 

Scier oJic piai-t ni tntion Jivohes tiiree Lanas cf r *2c ge assenari 

consmtnents of the pitm*. boc^y^ C^j sp'-cmc v CLia^iOiis of u-ia consniaants m 
differenc classes of crops or garden plants^ (c) -.ocsl narianons cf tee centent 
of these constituents m Jie soil Guided by (ci) or li pccsiole to fnd 

out the necessary mmimum of the various salts ^ the ccl. muct contam 

lo promote healthy gro^th^ and analysis of a soil sample .n r hi. 

lespect xt IS deficient The deficiency can tLus oe app'.ct- 

tion of a suitable dressmg cf artificial fertilizer 

From another pomt of view me work of ce Saassu-e and ius pieaecess^rs 
fiom Woodwaxd onwards reflects the mteiesw m soii e-ihaustion accompan^.- 
ing the growth of capitahst farmmg and the expansion of population^ as 
capitahst mdustry estended Davy^ who had an uncanny Imack of 
realizing where tne prosecution of theoretical knowledge could best auvance 
the mterests of the mdustnahst, realized the possibiLties of further research 
linkmg up the nutritional needs of the plant with variations of soil content 
In his book English Fainnngy Past and Ptesent^ Prothero refeis to the enthu- 
siastic mterest aroused by Davy’s mimtive m the foUowmg passage 

The dawn of a new era, m which practical experience was to be combined 
with scientific knowledge, was marked by the lectures of Humphry Davy m 
1803 In 1757 Francis Home had insisted on the dependence of agriculture on 
‘‘Chymistry ” Without a knowledge of that science, he said, agriculture could 
not be reduced to principles In 1802 the first steps were taken towards this 
end The Board of Agriculture arranged this senes of lectures on **The Con- 
nection of Chemistry with Vegetable Physiology,’* to be dehvered by Davy, 
then a young man of twenty-three, and recently Quly, 1801) appomted Assistant 
Professor of Chemistry at the Royal Institution of Great Britain He had already 
made his mark as the most bnUiant lecturer of the day, attractmg round him 
by his saentific use of the imagination such men as Dr Parr and S T Colendge, 
and the talent, rank, and fashion of London, women as well as men His six 
lectures on agricultural chemistry, commencing May 10, 1803, were dehvered 
before the Board of Agriculture So great was their success that he was appomted 
Professor of Chemistry to the Board, and m that capacity gave courses of 
lectures during the ten foUowmg years In 1813 the results of his researches were 
pubhshed m his Elements of Agricultural Chermstry The volume is now out- 
of-date, though the lecture on ‘‘Soils and their Analyses,” m spite of the pro- 
gress of geological science and the adoption of new dassificauons, remains of 
permanent mterest Many passages that were then hstened to as novelties are 
now commonplaces, others, especially thos6 on manures, have been completely 
superseded by the advance of knowledge But if the book has ceased to be a 
pracncal gmde, it remains a histoncal landmark, and something more It is 
the foundation-stone on which the science of agricultural chemistry has been 
reared, and its author was the direct ancestor of Liebig, Lawes, and Gilbert, 
to whose labours, m the field which Davy first colored, modem agneukure 
IS at every turn so deeply mdebted It was Davy’s work which inspired the 
choice by the Royal Agricultural Society (founded m 1S3S) of its motto “Prap- 
tice with Science*” 
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In England the newly formed Board of Agriculture had been active from its 
inception m collectmg specimens of soil for analysis The imtiative did not 
come from the commercial firms which began to leap the profits of the nev. 
knowledge From fiist to last pm ate enterprise has merely exploited a 
demand due to modem biotechmcal discoveries fostered by techmcal 
education and advisory work undertaken by Government departments 
Besides providmg a fresh market for chemical products, the scienofic study 
of plant nutrition also created a new demand for mechamcal mstiuments 
for tillmg, and subsequently for reapmg, bmdmg, and threshmg Prothero 
says 

The changes which have been noticed m modem farmmg necessitated more 
frequent operations of tillage, which, without mechanical mventions, would 
have been too costly to be possible Here, agam, science came to the aid of 
the farmer, and supphed the means of naakmg his labour cheaper, quicker, 
and more certam The Royal Agricultural Society may legiDmately pride itself 
on the useful part which it has played m mtroducmg to the notice of agri- 
culturists the new appliances which mechamcal skill has placed at their service 
Yet, when the Society was founded, none of its promoters foresaw the importance 
of the mechamcal department At the Oxford show m 1839 one gold medal 
was awarded for a collection of implements, three silver medals were allotted, 
and a prize of five pounds was given for ‘‘a paddle plough for raising potatoes 
At the show at Gloucester m 1853, 2,000 implements were exhibited The 
modern system of farmmg had, in the mterval of fourteen years, built up a 
huge mdustry employed m providing the agricultural implements that it 
required 

The combustible material of a plant or animal body contams four prmapal 
elements hydrogen, carbon, oxygen, and mtrogen The source of the mtrogen 
m plants is not a smgle problem because some green crops, eg beans, 
have bacterial tumours or root nodules due to the presence of mtrogen- 
fixing bacteria (p 888) The mtrogen content of the plant substance when the 
sap has been expressed can be determmed by heatmg the dried tissue with 
strong sulphuric acid and a trace of potassium permanganate All the mtrogen 
IS then converted mto ammomum sulphate If the solution is diluted with 
excess of potash the ammonia can be driven oif by heatmg If this is passed 
into a solution of weak acid, the total ammoma produced is found by titratmg 
(pp .444 and 463) a measured volume of standard acid solution By weight 
fourteen-seventeenths of the ammoma is mtrogen Together with the mtrogen 
contained m the mtrates present m the sap, this is foxmd to be equivalent to 
the mtrogen content of fte mtrates lost from the soil or culture medium m 
which a plant is grown If it is a leguminous plant this is only true when the 
medium contains no mtrogen-fixmg baciUi to infect the roots 

In 1834 the method of carbonization which de Saussure used was adapted 
to large-scale agricultural mquines by Boussmgault, who made complete 
anal 3 mcal estimates of the mtrogen supphed by the manure and present in 
the crop during various systems of rotation (p 888). This work was under- 
taken m association with the eminent French analjitical chemist, Dumas A 
few years later the results of new insight mto the food of plants were broad- 
cast by a book, which laid down the quantitative pnnaples of crop husbandry 
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in tne general statement “the ciops on a field diminish or mcrease m exact 
proportion to tne aiinindtion or increase of mineral substance conveyed fo 
It in manure ’’ What Had vaguelj^^ though eloquentlv^ foieshadowed 

Liebig set foi^Ja Vyith precision based on aiialysis of crop ana soil m Chemistry 
tn its Application to Agt ^cvltine a^id Physiology Tluc says Prothero, 

traced the lelauons oetween me natrition of plants and tnc composition of the 
sou (It) revolutionized the attituac which agr-.cuitiLU^sts had maintained 

towards chcmisixy So great v’^as the enthusiasm of countr> gentlemen for 
Liebig and his disco v^eries^ as popularized bv men like Joiinstoh and Voelcker^ 
that the Royal Chemical Society of 1S45 was ^aigely founded by then efforts 
But if tne new agiiculture was born in the laboratory of Giessen it grew into 
strength at the experimental station at Rothams^ed To Sir John Lawes and 
his colleague Sir Henry Gilbert (himself a pupil of Liebig) farmers of to-day 
owe an mcalculable deot By their experiments, contmucd for more than half 
a century, the mam pimciples of agricultural science were established, the 
objects, method, and effects of manuimg were ascei tamed, tlie scientific bases 
for the rotation of crops were explained, and the results of food upon animals 
m pioducmg meat, miUv, or manure were tested and defined On their woik has 
been built the modem fabric of Bnush agriculture With mcreased knowledge 
of the wants of plane or ammal hfe came the supply of new means to meet those 
reqmrements Artificial manure may be roughly distmgmshed from dung as 
purchased manures Of these fexrtilizmg agencies, farmers m 1837 already loicw 
soot, bones, salt, saltpetre, hoofs and horns, shoddy, and such substances a« 
marl, clay, lime, and chalk But they knew httle or nothmg of mtrate of soda, 
of Peruvian guano, of superphosphates, kaimt, muriate of potash, rape-dast, 
sulphate of ammoma, of basic slag Though mtrate of soda was mtroduced in 
1835, and experimentally employed m small quantities, it was m 1850 still 
a novelty The first cargo of Pemvian guano was consigned to a Liverpool 
merchant m 1835, but m 1841 it was still so bttle known that only 1,700 tons 
were imported, six years later (1847) the importation amounted to 220,000 
tons Bones were beginning to be extensively used Their import value rose 
from £14,395 m 1823 to £264,600 in 1837 

THE BODY AS A MACHINE 

In newly ploughed fields of knowledge, self-evident pnnaples sprmg up 
perenmally The work of Home, of Boussingault and of Liebig was the signal 
for a fresh crop of weeds. A world which had outgrown the slave mechames 
of antiquity was not yet ready to discard the slave-owmng ethic of Anstotle 
The old authority could be sustamed if, and only if, scaraty of the essential 
means of human satisfaction could be reinstated as a natui^ law Premom- 
nons of plenty first brought Malthus mto tiie field Malthus declared that 
food manufacture must always lag a step behmd human fecundity Then 
came the astomshmg impertmence enshrmed in the “law*^ of dimuushing 
returns The mtrepid Ricardo asserted that nothing can force plant growth 
to keep pace with human industry Two systems for costmg resources for 
satisfymg common human needs were soon to compete m the open In dis- 
closing a new substitute for ammal labour, science had furnished new scope 
for mvestment, and factory technology had adopted horse-power as its 
current com Laboratory workers were now busy with the balance sheet of 
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food required for human effort and fuel (see pp 597 and 613-17) consumed 
by the steam engine, while the old axioms consecrated the banl^er’s balance- 
sheet of owner’s receipts 

The experiments of Crawford and of Lavoisier and Laplace (p 596) 
showed that the total energy production of the animal body, measured as 
heat, IS accompamed by oxidation of a defimte quantity of food, ;ust as the 


V 



mdnometer 


W3iar io keep 
-temperature 
constant 


Fi& 131 — Affakaxus for AIeasuring the Oxygen Consumption of a Worm or 

Other Smaix Organism 

The carbon dioside produced by the organism is absorbed by the potash, and the 
change in the pressure recorded by the manometer is therefore due to tlie oxygen 
consumed The instrument can be cahbrated so that the actual volume of oxygen 
taken m can be determmed 


total energy production of a steam-engine depends on the oxidation, of a 
definite amount of fuel When a maclune is generating both heat and move- 
ment we can express the total energy it is giving out either m (ergs) mechanical 
units or m heat umts (calories) If the machine is a motor-bicycle, the total 
energy (heat and movement) is fixed by the amount of petrol consumed 
Whether it is used wastefiilly or economically fh»n the pomt of view of the 
nder, depends on how much of it is used to produce heat without first pro- 
ducing mechanical wodc. When the engine is running m neutral gear, the 
engme itself does nuchanical work whidi does not result m mechanical 
activity of the machine as a whole. The moving parts generate heat by 
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friction with the surrounding a-r If the brakes are applied petrol is used to 
heat up the rim of tne wheel Even he oes. nanagement some of it is 
directly used lo hear up the engine, as some of ojir food is used to keep our 
bodies n arm Whatever happens the Snel resu^. he seme The road surface 
or air around gets notter, and tins total heal gam is oaicccsd the quantity 
of petroi which would pioouce the same numDei of coioncs, if oxidizeain 
any othei way 

MeanwjQjJe other changes occur m its envirojiunem Jt is :;^oriang the 

engme must be supplied with o^gen, which it gets from Lae air itself It is 
also dischaiging carbon dio^dc and water vapour togeiaei vih a certain 
amount of soot due to mcomplete combustion Its acu^ ity is therefore 
accompamed by a process essentially hke respiration 

In all this^ matter is neimer gamed nor lost The matenai balance sheet 
\7di show on the credit side the weight of petrol consumed and the weight of 
oxygen lost by the air The debit side will mclude the weight of carbon 
dioxide and moisture gamed by the air together with the weight of soot 
excreted If it is difficult to empty the petrol tankj we can gel the petrol con- 
sumed by weighmg the mactune before and after the tnai period If all the 
petrol put m the lank is placed on the credit side, we must add the mcreased 
weight of the machme to the debit side The total of one side is the same as 
the total of the other, and the same is true of the analogous balance sheet, 
which we can draw up for human nutrition, respiration, and excrenon On 
the credit side we have to reckon with food, dnnk, and oxygen On the debit 
side we put the carbon dioxide and water excreted together with any gam of 
body-weight resulting from the fact that some of the food has been retamed 
for growth A typical balance sheet of an ordinary man weighmg ten stone, 
when supphed with food for one day m an air-tight chamber, is given by 
Haldane and Huxley On the credit side it shows — 

Food . . 11 kilos (00 per cent water) 

Dnnk . . . . 15 kilos 

Oxygen, 500 litres or 0 7 kilo 

This makes a total of 3 30 kilograms On the debit side we have to reckon 
with the fact that he excretes durmg the same period 1 3 kilos of water and 
70 grams of solids m his unne He loses 1 1 kilos of water by evaporation 
from the skm as sweat He loses 420 htres of carbon dioxide or 0 82 kilo, 
makmg m all a net loss of 3 29 kilos The difference of 10 grams represents 
exactly what he has gamed m body-weight at the end of the expenment 
The carbon dioxide that appears is equivalent to that which would be formed 
by the same amount of food (allowing for what is retamed for growth) if burnt 
in a flask 

If a human bemg^ — or a frog — ^is placed, like Lavoisier’s man, m a heat- 
proof box or calorimeter, the effect of any movements he may execute is to 
generate additional heat by friction with the surrounding atmosphere^ and 
all the energy he releases will appear on the balance sheet of energy as an 
mcrease of heat m the calorimeter When this e^enment i$ performed, two 
things are found* The amount of eneigy expended is definitely related to the 
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oxygen taken m and the carbon dioxide given off In addition^ the amount of 
energy generated durmg the same penod is eqmvalent to the heat which 
would be generated by combustion of the quantity of food consumed if it 
were burnt in another calorimeter In one experiment a correspondmg balance 
sheet for the energy expenditure of Haldane’s ten-stone man over the same 
period was drawn up somewhat as follows Burnt outside the body^ the same 
amoimt of food as he takes would yield 2,400 kilocalories The total heat 
lost by the body durmg the period of e's.penment bemg 2,190 kilocalories, 
the difference mdudes a defiaency, due to incomplete oxidation of food It 
can be proved from analysis of the excreta to be equivalent to 150 kilocalories, 
leavmg only 60 kilocalories to account for This represents the mcreased 
potential energy of the body due to stored materials which appeared in the 
previous balance sheet as mcreased weight 

Thus the two great mechamcal prmciples called the conservation of energy 
and the conservation of matter both apply to all man-made contrivances and 
aU physical phenomena That is why it is right and proper to speak of the 
living machine We call a dynamoj a water-mill, a steam-engme, and a motor- 
bicycle machmes because tbey transform energy m accordance with certam 
definite rules, which are known as tie laws of Energetics We call a frog or 
man a hvmg machme because it transforms one form of energy mto other 
forms of energy m accordance with the same rules 

The fuel of the animal body is supphed by carbon compounds m its food 
This is either denved directly from the green plants on which it feeds or, if it 
IS carnivorous, from the tissues of herbit?^orous animals Whichever happens 
Its ultimate source is the same The plant builds up its complex carbon 
compoimds from the carbon dioxide of the air and the water of the soil 
Smce oxygen is given off by green plants m sunhght the reaction mvolved 
m this process of carbon assimilation or photosynthesis is a reduction reaction 
Plant tissues also oxidize these products in the process of growth The parts 
which are not green (e g roots) give off carbon dioxide at all times The 
green parts do so m the dark, and may be inferred to be domg so m light, 
when the umversal process of respiration is masked by the simultaneous 
occurrence of carbon assimilation Respiration is essentially a combustion 
The complex carbon compounds oxidized m respiration give up energy 
The reduction reaction of photosynthesis must therefore be regarded as one 
m which energy is stored up at the expense of the sun^s store Thus solar 
radiation is the basis of all the activities of hvmg creatures 

In addition to fuel an engme needs spare parts The animal and plant 
body contam mtrogen and need mtrogen for the contmual repairmg process 
which is called growth The plant ordmanly gets this from mtrates which 
are formed by the decomposition of ammd excreta and from plant and 
a nim al remams Except m so far as the soil is renewed by mtrogen-fixmg 
bactena the mtrogen content part of the plant and animal body circulates 
from one to the other and back agam The first important step towards 
broadenmg the study of ammal nutntion to mclude the mtrogen mtake arose 
m connexion with the pioneer researches of Boussmgault on soil mtrogen 
and manures 

Besides ma k in g an mventory of the mtrogen content of crops, soils, and 
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manures m crop rotation, Boussingauit also maae farm experiments 

on the relation between cattle food ana e**CjLeta He determined the amounts 
of carbon, hydrogen^ oxygen, and mtiogen in a nnlcn cow’s fodder, and 
measurea how much of each is lost in the urine, faeces, ana milic His experi- 
ments showed that about 2 per cent of tne lood r as nitrogen, and of all the 
mtrogen talten in as food, seven-eightiis v;as excieiea, one-exghth bemg 
retamed Similar experiments were carried oui. by Lieoig on a company of 
the Grand Ducal Guards of Hesse Darmstadt 

Liebig’s name is associatea with the first patent feitdizei and the first 
patent food C'Liebig’s Extract of MeaL*’) Though neither of them were 
very successful, they pomt to the close connexion oetween the physiolog}’' 
of nutrition and the rise of chemical manufacture Till the pubhcation of 
Liebig’s treatise on chemistry appLed to agiiculture httle was known about 
the chemical characteristics of food In it the three principal classes of 
“orgamc” materials which made up the bulk of the dry matter of an animal 
or plant were first distmgmshed as fats^ carhohydt ates^ duxd proteins Their 
general characteristics have been stated already Tne fats contain carbon, 
hydrogen, and oxygen Most of tnem are simple esters of higher fatty acids 
and the alcohol glyceime In a small class, the lecithms (abundant m egg 
^olk), phosphoric acid, and mtiogenous bases, as well as fatty acids go to 
make up the molecule The caibohydrates are the simple sugars and more 
complex substances built up of simple sugar molecules (e g starch, cellulose) 
They only contam carbon, hydrogen, and oxygen The protems are highly 
complex, bemg built up mamly of ammo acids They therefore always 
contam m addition to the three elements of carbohydrates a large amount 
of mtrogen Some contam sulphur and phosphorus 

The approximate mean percentage composition of the different classes of 
food substances is as follows. 



Carbon j 

Hydrogen 

Oxygen 

Nitrogen 

Sulphur 

Fats 

77 

11 5 

11 5 



Carbohydrate 

44 

6 

50 

— 

— 

Protem 

52 

7 

24 

16 

1 


Only two common articles of food, drippmg (100 per cent fat) and cane- 
sugar (100 per cent carbohydrate), belong exclusively to one of these three 
major groups of orgamc compoxmds Dried white of egg is almost pure 
protem The fresh egg albumen contains a large proportion of water. All 
fresh hvmg matter from the Archbishop of Canterbury to the jellyfish 
contains at least 60 per cent of water The relative proportions of the three 
classes of organic compounds which make up the overwhelmmg bulk of dry 
matter may be judged from the table given on p 906 It gives the proportions 
m which these mam constituents occur m some common articles of hmnan 
diet, together with the energy content determmed by combustion m the 
laboratory 

Liebig’s close relation to the needs of chemical mdustiy gave his work 

2®f* 
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an influential posmon m continental science He founaed an important 
scientific journal in which Alaycr’s paper on the “Conservation of Energy” 
was published, and made himself the leader of a vigorous school oi'* work 
Like Davy, Faraday, Tyndall, Huxley, and many other pi ommenr leaders of 
science during the period when experimenDl science was estabnshmg the 
high prestige to which it has now attained, he also devoted himself to popular 
expositions which he wrote wiih compelling passion for his subject, 

for the especial purpose of exciung the attention of governments and an 
enlightened pubhc, to the necessity of estabhshmg Schools of Chemistry, and 
of promoting a science so intimately connected with the arts, pursmts, ana social 
well-bemg of modem civilized nations 

Though a German he contrived to express mmself m terse and lucid dicuon 
There is sometimes a homely charm m his wntmg, as when he expresses 
the hope that his book “may serve to make new friends to om beautiful and 
useful science.” 


Food 

Waters 
per cent 

Protein, 
per cent 

Ca*'bohydrate, 
per cent 

Fat^ 

pel cent 

Caloncsj 
per lb 

Lean Beef 

69 

21 9 


7 3 

715 

Breast of Chicken 

74 

24 6 


0 2 

466 

Lean Bacon 

66 

21 6 


5 0 

649 

Eggs 

74 

12 3 


11 a 

734 

Herring. . 

68 

18 6 

_ 

10 9 

800 

Salmon 

64 

18 6 

— 

15 8 

1,012 

Margarme 

14 

— 

— 

84 3 

3,5 

Butter • 

14 

— 

— 

81 6 

3,412 

Brazil Nuts 

2 9 

13 2 

8 1 

70 4 

3,366 

Chocolate 

1 0 

4 8 

69 9 

31 1 

2,515 

Cheddar Cheese 

J4 

26 2 

— 

33 4 

1,939 

Milk . 

88 

3 3 

4 8 

3 6 

303 

Honey .. 

IS 

0 4 

71 4 


1,290 

Broad Beans 

66 

9 4 

22 8 

0 4 

616 

Brown Bread 

44 

7 5 

46 8 

0 1 

996 

Boiled Potatoes 

81 

1 9 

16 0 


334 

Stoned Prunes 

28 

3 0 

40 1 

0 3 

820 

Apples . 

84 

0 3 

12 n 

0 2 

216 

Plum Jam 

24 

0 2 

70 0 


1,306 

Cabbage 

93 

1 4 

4 6 

0 1 

114 


CARBON ASSIMILATION IN THF GREEN PLANT 

During the nineteenth century the pursuit of medicme was stimulated 
m turn by the growth of commercial horticulture, the sale of fertilizers, food 
preservation, and the manufacture of wmes. Liebig’s work on fertilizers and 
his initiative m produemg the first marketable patent food infused new 
vigour mto the study of a mmal and plant nutrition, and the school of workect 
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associated v i^h Liiz -la^ noL yQL ccijsad iO ^zic:^ »lS .-il* ea.ce 2efore Liebi<»-®s 

tinic Iittie 'wa a. Jie '^c/ 21 7 c C 2 sai v Zi.CT 

a^e iLwoCC' wO Oui-u.'i. 'w'—^u^clu.c «.Cik-.w*c .. . *? <,-ac ^ .,^1. 1. c^a 

SpjIiz^zdzJG co^e^aauca. Jr-.*- icic gcs^.c sca-c.ja aic cT 

btomu^*z *r.ea-, tlcJ-ll.:; ef ^_DC--auc^ c ^ 21c .. the 

rood ande-gocc jJI uic ^^Zl. Ii'a bet^ji touiic „-_c 01 n^are 

Ox focostiJTs tke*eroru laiw ^aie rcafnca^o o„' L.e ' > o c 

assimJaaoai aca arLin-iai < 5 i 3 SbaO-i 

By £di xne laxges^ o-gc^a-c c^^aiSL-ji’ejil cl _ji jLa<-s -b cu>-i 

cdlv^oxe R\ e-/ cell «uf a 25 ia-it is i^nciose.^ m a VvClii cea.w^c 2 

of the cod vessels up Vv^hicli the sap ascends have dx.. L.jLe 

So vvcod pclp IS amiosi e^iclus-vcly made of ^^Ciluiose .3 eca.oi. 
fiore ceil contents of most green plants ccntajia gir^nnes o' x >z^ 

another conapleL. c^xbohj^diate, \/hidi ime cellulose c-'n oe b-Ci cn dc ^ n 211,0 
simple sagars by prolonged boiling wi^h mineral acxd or aii ciii T, ess gzzzj es^ 
easily ^-een m a thin slice of potato or a fiagneiic. of a Lvt-x^vO-’t “ t:=;n e .inuncL. 
v^xth a nncioccope^ were noticed by the fiist micxoscopiscb 

The improvement of the compound microscope eaxiy m the jainetec-nm 
century brought new infoimaaon about the organizau.^n o* 3j,a_t cedb aca 
the mmute structure of leaves, where experiment sho v* tna*. Jbe o jiiv of 
carbon dioxide uptake occurs Microscopic secuons across a leaf (Ag 4 . 32 j 
show that It IS a spongy mass of thm-walled green cells penetrated at inxtivals 
by the woody vessels of the so-called veins and enclosed in a pelhcle (or 
epidermis) of thick-walled colourless cells The epidermis is studded with 
fine pores (stomata) which are usually confined to the lowei surface of the 
leaf and are surrounded by a hp of two cells which are green like those withm 
In darkness the two cells which form the hps of the pore shnnk, and he 
slackly together, dosmg the orifice In bright hght they swell and separate, 
so that the porous mass of green cells below the epidermis commumcates 
fireely with the air. 

Thus the structure of a leaf is arranged so that the gieen cells aie m free 
co mmuni cation with the air from which the plant removes carbon dioxide 
m hght They are usually more or less cut off from the air m darimess, when 
experiment shows that the rate of evaporation from the leaves is reduced, 
and no COg is taken up This suggests that the green cells are duectly con- 
nected with the use of CC'o and water in manufacturmg orgamc compounds 
How to test this m a simple way is suggested by another microscopic observa- 
tion In hght the green cells contain starch granules which disappear in 
darkness Starch is very easily recogmzed by the fact that it imparts a 
deqp blue tmt to a solution of iodine and potassium iodide If part of a 
leaf which has been kept m darkness for a few hours is covered with tinfoil, 
and then exposed for a short penod (e g an hour) to bright light, soakmg 
the le^ in an iodine solution shows that starch is only formed m the 
green cells when they are illuminated The exposed parts are then stamed 
deep blue and the covered part is not You can, m fact, use the leaf as a sort of 
photographic plate, and ‘‘develop’^ an image The lodme test also shows that 
variegated leaves which present a mosaic of white and green areas only 
develop starch in the green parts Hence the green colouring matter called 
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chlorophyll which can be extracted from a leaf if it is soaked m alcohol, plays 
an essential part in the process of building up carbohydrate fiom carbon 
dioxide and water 

Photography depends on the fact that some silver salts undergo a chemical 
change in hght, just as other chemical changes can be accomphshed by 
heating or the apphcation of electricity Carbon assimilation m the green 
plant belongs m this sense to the same class of “photochemical reactions ” 
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Fig 432 — ^Diagrammatic View of the ^Microscopic Anatomy of a Typical Leaf 

The leaf consists mostly of a spongy mass of cells containing dblorophyll m small round 
corpuscles called chloroplasts There are capacious air spaces which permit evaporation 
and circulation of carbon dioxide and oxygen withm the inner mass of cells They are 
enclosed between an upper and lower layer of thick-wallcd cells like the epidermis of 
the stem On the under surface of the leaf there are pores called stomata guarded by 
sausage-shaped cells, which swell m certain conditions and especially m the hght 
Owmg to the unequal thickening of their walls, this swelhng forces the hps of the pore 
apart, so that water can freely evaporate from the underlying cells, thus drawing up 
sap from the vems, while carbon dioxide can freely enter and oicygcn escape from the 
air spaces In dartaess the pores are usually closed, and the starch-formmg cells of 
the spongy interior are protected from water loss With the excepuon of the cells 
which guard the air pores on the lower side of the leaf, those of the epidermis do not 
contain chlorophyll 


Chlorophyll may also be compared to the soot used to blacken the bulb of a 
thermometer for detectmg mfra-red rays It “absorbs” light and by so domg 
makes solar radiation available for buildmg up complex orgamc matter which 
hberates heat when broken down mto its onginal constituents Thus the coal 
names and the oil wells of the world are, metaphoncally speaking, stores of solar 
radiation Solar radiation is therefore the basis of household fuel and of all 
heat engmes Hitherto man has used solar energy stored up m dead orgamc 
residues We now see that it is not necessary to wait for geological epochs to 
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convert solar radiation into somces of waimili or pover Yeast converts sugar 
into alcohol which can be used as food for ai* intCxnal coxubustion engine or 
for a methylated spirit burner 

Starch is contmualiy turned oack xOlO stgar tne green plant,* and, dis- 
solved m that form, diffuses fiom the leaves to oJiei regions of the plant. 
That IS why it disappears from the leaf m darkness Most gieen plants manu- 
facture starch m the leaves and store thCir carboh\ orates for use in that form 
A few, like the sugar-cane and the beet, stoxe it in me form of cane-sugar In 
the tubers of Jerusalem artichoke, the dahLa, and a few other plants granules 
of another complex carbohydrate called inukn are stored Starch hydrolysis 
produces glucose Inulm breaks up more easJj^ with the formatioa of fructose, 
which is also a simple sugar, sweeter than glucose oi cane-sugar The mole- 
cule of the latter is built up from the combination of one molecule of glucose 
and one molecule of fructose As compared with cane-sugar or glucose, 
fructose is very slowly absorbed and can be usea with safety oy diabetics 
It is now bemg produced m Iowa from Jerusalem artichokes This plant 
grows with an astomshmg rapidity, which calls attention to the ineffiaency 
of present methods for producing sugar An economical biotechnology would 
aim at storing solar radiation as quickly as possible with as httle waste and 
effort as possible By growing plants like beet which store carbohydrate ready 
for use there is a large source of waste both m effort and maten^s Smee we 
cannot digest cellulose we now waste all the solar radial ion mdirectly em- 
ployed m converting sugar into cellulose m our agricultural produce As the 
word pay is used by scientific workers, in contradistinction to bankers, it 
would pay us to domesticate cellulose-sphttmg nucro-orgamsms which can 
convert cellulose mto sugar or alcohol as sources of fuel for the human body 
or the mtemal combustion engme 


DIGBSTIOH 

Liebig’s distinction between the three mam classes of orgamc compotmds 
m the body of the plant or animal opened the door to new researches mto 
the nature of human digestion and the food requirements of a healthy person 
The focus of these new enquines was a discoveiy made by the French ph3rsio- 
logist, Claude Bernard, who discovered the significance of a pecuhar feature 
of the circulation m vertebrate animals In man and m all vertebrates the 
vem which takes away blood from the gut does not ;om up directly with the 
mam vems which take blood back to the heart It breaks up agam m the 
capiUanes of the hver So all blood from the gut passes first to the hver 
before joining the general circulation Comparative tissue analysis followmg 
on the work of Liebig’s school showed that the hver of a well-fed animal 
contains a large store of the animal starch called glycogen In the hver of a 
starved animal there is scarcely a trace of it Claude Bernard found that the 
glycogen content of the hver goes up soon after a meal, and then goes down 
before the next meal. The vertebrate stores starch m its hver just as the 
potato plant stores starch m its tuber. 

* The carbohydrate first formed as a result of photosynthesis appears to be a hexose 
(sugar), which is then turned mto starch for temporary storage m the leaves ' 
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!>’ evi kEOVvledge of the chemistrj' cf living maftei now n^ade it poss/o'c 
tc btuGj the fate of the foodstuEs' in the animal body Wii o some hoyc of 
success \7ith the exception of the sugais, all these essential consacjents of 
the organic mattei of the animal or plant body aie eithCv, line thw fa's, qmte 
inenlnblft m watei, ot, like the proteins and starches, soluble DUt mcapabie 
of pngsing through animal or Vegetable membranes (e g parchment) as a 
solution of common salt difiiises thro ugh them Their molecules are loo 
large So before the food eaten by an animal can get through its tissues lO its 
destmauon, it must tmdeego certain changes This process is known as 
digestion Under the mcentive of laebig's agricultural chemistry the study 
of digestion became a foremost topic of medical research What we know 
about It has mainly been found out by work on man’s nearest alhes to which 
the following account apphes 

From the mouth the food of man or of any other vertebrate a mm al passes 
mto a wmdmg tube which te rminat es m a second opemng to the estenox, 
the anus, situated dorsally where the legs are jomed to the body Tins tube, 
known as the alimentary canal, or gut (Fig 388), has everywhere muscular 
walls, an inner layer of muscle fibres arranged ctrde-wise, and cr outer 
coat with a lengthwise arrangemait. The slow, rhythmical movements of 
these muscles help to chum the food, and squeeze it along the aLmentary 
eanal to the anus. The inner wall of the gut is hned with a layer of cells which 
for a great part of its course consists of secreting cells and rs folded m pits The 
first part of the tube, called the oesophagus, or gullet, opens mto a capacious 
bag This bag, the stomach, leads mto a narrower tube, the mtestme The 
mtestme of vertebrates has two distmct portions, one narrower, called the 
smaU mtestme, and the other wider, called the large mtestme Its final part, 
the rectum, communicates with the extexior by the anus. 

In Its passage along the alimentary canal human food encounters the various 
jmces secreted by difierent parts of the walls of the digestive tract, and also 
the secretions of two larger glands, the hver and pancreas, which open by a 
common duct mto the small mtestme near its antenor end These digestive 
juices contam substanoes,known as eneymes,wbich act on the complex orgamc 
constituents of the food, turning them mto compounds sufiaently simple to 
difiuse through the walls of the mtestme or suffiaently simple for the cells 
of the body to build them up mto other substances as these may be required 
An example f a mi l i a r to most people, owmg to its commercial use, is the 
reman of the gastnc jmee Apart fiom the foct that they axe all denved from 
livmg organisms, it is difficult to fix on any single charactenstic which will 
dififereutiate enzymes fiom all other types of catal 3 rst 8 . At present their 
che mi c a l constitution is unknown. Sutpnsingly small quantities of enzyme 
are efficaaous. Rennet, the gastnc jmoe extract employed domestically for 
the preparation of junkets and commeraally on a I^e scale m the manu- 
facture of cheese, is able to dot 400,000 tunes its own weight of the milk 
protem casemagen. Even this figure gives an imperfect picture of the pro- 
digious activity of the enzyme The active consutuent is very small m pro- 
portion to the bulk of the extract 

The first digestive juice to act on human food is the sahva secreted by 
g l a nds which he beneath the muscles of the mng iw aiyi 
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fine dtlc^s mte the ca /ity of the mouth Ihe sciiva contaiBS an enzjTne Tihich 
acts on su rch^ 1l into iihe coinpjie^^ ^ rf^xialL e^iticci (m Ptcac) 

Tne -^ecieaon ofuie hLOi^uch Ol ilce nydiccnlo^ic ac-ci 

It also con^nois a i /j u ca- b cLo^/^ czr^^ 2 o - Lks 

aibomen^ mi.o \es.y s-^nple pio^eins ujdL c 'L^<u pe jccucs no ac.'on 

on the biaichy Oi fairy cojQStitiienj.b of the fooa Th^ oiic 3. £^c_eu-cn of the 
liver does noL contskn ^ digestive ejQZ3rine ii conLaint - i"- n m 
the lorm of ceitan-^ r-ith aiia^ii -^cills " -hzc 

the acicLty oi i^c satino <aicc d ^LCt.Iy .ocil'ujte u.: v-- <j.oi? 
of fats 

The pancreas or st^aetbrepci is the cmef I ^ sec e. er con- 

tains thiee iinportanL engines One erhed t^r^ylc^i.e jcc^Ls e.o-'/ - Cl.. _cn or 
destem mto moil sugar A second cJled djyjsz i can D.eai^ cc OxOte-'L.s into 
the organic *‘aTmio ^ aads of ^hich the piotein molecule iS Dw lit niO It tluuS 
carries protem digestion a stage f^jLiher ciian ib j^cached m the -tomacn A 
third called lipase breaks up fac into fatty acid g^^cerol T1 a mccstinai 
juice secreted by the glandular i^i^alls of the small inlestixie ^^.go co^mns 
enzymes, one called ez-cpsia ^hich acts on the tmai ctares :f proLs^in decom- 
position, completmg the vvork of tlie pancicatic ’,inco^ and a te. ec of otre s 
which act on the complex sugars like mall sugar, conveivmg then « .lo timoic 
sugais The digesave tract of man docs not contam on3’ en/yiue biealcs 
down cellulose Some cellulose is broken down by bacte^xa la the large in- 
testine, and IS wasted This is a very strong argument agamcl on csclusisrely 
vegetarian diet Another objecuon to vegctaiiamsm is that the cellulose 
wall of plant cells makes them much less accessible to the action of the 
digestive juices than ammal tissues 

Any undigested or indigestible matter eventually passes out of the body, 
along with the bile pigments that confer its characteristic colour, as faeces 
In the small mtestme the starches have all been absorbed as sugar by the fine 
blood vessels beneath its lining The proteins have been broken down mto the 
difiusible substances known as ammo-aads (p 522) and travel to the tissues 
by the same route. All the blood retummg from the alimentary tract passes 
through the capillary network of the liver en route for the heart The glycogen- 
stormg activity of the hver is its most important role m the economy of the 
body The products of fat digestion on the other hand are taken up by the 
cells of the linin g of the small mtestme, and given up m turn to the imder- 
lymg tissue spaces. The lymph spaces m the absorptive wall of the mtestme, 
known as lacteah^ commumcate with a well-defined channel, the thoracic 
duct^ which opens mto a jugular vem The lacteals are so called because after 
a meal of fatty constituents they are found to be gorged with droplets of fat, 
and It seems that the bulk of the fatty portion of the food is absorbed mto 
the circulation by this indirect route In the course of the lymph spaces there 
occur masses of dividmg cells which are manufacturmg new white blood 
corpuscles. These are spoken of as lymph glands^ and are usually enlarged m 
mflammatory conditions The tonsils are large lymph glands. The red blood 
corpusdes are manufactured in the bone marrow 

TTie bulk of the heat production in man and his nearest alhes results from 
the oxidation of carbohydrates stored as •glycogen m the hver and musdee^ 
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and also of fats Thus most of the nitrogenous matenal of the food consumed 
by a full-grown ammal is waste matter The body can convert the products of 
protein digestion mto carbohydiates by removal of the mtrogenous portion 
m the form of materials such as urea, CO(NH 2)2 These are eliminated 
from the body m the urme The urme is produced by two bodies known as the 
kidneys, which commmucate with the cloaca by tubes known as the ureters 
(Fig 397) Each kidney is a flattened elhpsoidal structure with a small cavity 
continuous with the canal of the ureter Into this cavity open mnumerable 
closely packed tubules of glandular structure which make up the substance 
of the kidney These tubules termmate m a flash-shaped swelling whose walls 
are mvagmated to receive a tuft of small blood vessels, this portion bemg 
called the Malpighian body, or capsule, after Malpighi (1028-1694), one 
of the earhest microscopists In man and most mammals the ureters open mto 
a capacious receptacle with muscular walls, the bladder This commumcates 
with the exterior by a duct called the urethra:, separately m the female and 
along with the male generative ducts m the male 


THE MINERAL NEEDS OF THE LIVING MACHINE 

In addition to the three classes of orgamc materials called carbohydrates, 
fats, and protems, the body of plants and animals contams various mmeral 
salts dissolved m the tissue fluids, such as the cell sap of plants, the blood, 
and the lymph or clear flmd m the body cavities of animals The mmeral 
needs of the body may be divided imder two headmgs First come elements 
which enter mto the composition of the orgamc materials Thus most protems 
contam sulphur Many contain phosphorus Haemoglobin contams iron 
Haemocyamn, the correspondmg blue respiratory pigment of lobsters and 
snails, contams copper The plant gets sulphur and phosphorus as it gets the 
mtrogen necessary to build up the protem molecule from mmeral salts 
(sulphates or phosphates) Animals get their protems ready made So the 
supply of sulphur and phosphorus is usually adequate if the mtrogenous 
content of the diet is sufficient 

Magnesium is specifically necessary for the green plant because chlorophyll 
IS an orgamc magnesium compound In vertebrate animals (fishes, reptiles, 
birds, and mammals) the thyroid gland m the neck manufactures an orgamc 
compotmd of which the molecule contams lodme (see p 853) On this 
account lodme is essential to healthy growth lodme is not present m appre- 
aable quantities m other animal tissues For plants and mvertebrates it does 
not seem to be an essential element, though it is present m seaweeds Near the 
sea the quantities present m salt earned by the breeze ensures a supply 
adequate to animal needs Some inland and moimtamous distncts of Europe 
and Amenca have a very low soil lodme content Thyroid deficiency diseases 
(goitre, cretmism, etc ) of human bemgs and hvestock are therefore endeimc. 
This IS remediable by a very small addition of lodme to the diet* In Switzer- 
land the State provides iodized table salt, the necessary lodme content of 
which need not be greater than one-millionth of an ounce per daily salt 
ration of a smgle person Iodized rations are also recommemted for inland 
hog rearing, because the pig is verjr hable to lodijtie staj:vat 3 ioji jf the soil 
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iodine content is low The essential secretion of the thyroid gland is a 
crystalline compound containing 23 2 pei cent carbon^ 1 4 per cent hydrogen^ 
1 8 per cent nitrogen^ and 65 4 pei cent iodine 

A second class of mineral food constiments mclaaes diose which appear 
to exist as salts m the nssue fluids and sap Tnese include the chloiides of 
several metals^ notably sodiumj potassium^ calcium, ana magnesium Sodium 
does not appear to be essential to plants Potassium, c^^lcitm, and magnesium 
are all essential to them Wnich species flourioh in diifeient soils under 
similar climatic conditions is very largely afiected by aheir lelau^e suscepu- 
bihty to a low local content of one or the other The addiaon of a relatively 
small dressmg of the appropriate salt is an important part of the techmque 
of modem soil husbandry 

Potassium and calcium are essential to the life of ail cells This can be 
illustrated m a very spectacular way (Fig 433) by perfusing the heart with a 
mixed solution of salts m roughly the same concentration as they occur m the 
blood When a frog’s heart is removed from the body it empties itself of blood, 
and m a few seconds stops beatmg If a glass tube is mserted mto the mam 
venous orifice so that it can be supphed with a suitable solution of salts of 
the three essential metals, it at once begms to beat vigorously and wiU con- 
tmue to do so for several hours The mixture used is composed of the chlorides 
of sodium (6 parts per thousand by weight) and potassium and calcium 
(Ij parts per ten thousand by weight) together with a httle sodium bicar- 
bonate or phosphate to make it shghtly alkahne If the perfusion Qmd is 
replaced by a mixture from which either the calaum or potassium is omitted 
the heart-beat comes to a standstill This happens almost mstantaneously 
if no calcium is supphed After bemg stopped m this way, the beat resumes 
almost at once when the heart is supphed with the oiigmal mixture If the 
solution contains a httle sugar the isolated heart can be made to beat for 
several weeks Otherwise it gradually uses up its food reserves, and then 
ceases to be able to work The same results can be obtamed with the sheep’s 
heart, which can also be made to go on workmg outside the body for at 
least three weeks, provided the temperature of the flmd is kept near blood 
heat, 1 e about 36® C For prolonged experiments of this kmd a trace of 
magnesium is necessary Lately it has been shown that small traces of man- 
ganese may be essential to fertility m mammals It is not yet known how it is 
used Manganese is also necessary to many plants 

Animals are not hable to magnesium defiaency smee all green plants 
contain an abimdance of magnesium for their needs On the other hand, 
plants which grow on soils with a low lime content may contam a relatively 
small amount of calcium Hence herbivorous animals like the pig, which is 
highly susceptible to calaum defiaency, are hable to various diseases (especi- 
ally rickets) unless lime fertilizers are applied to the soil or an extra calaum 
ration is given The figure already ated with reference to lodme illustrates 
the general prmaple that a soil defiaency which might completely exclude the 
possibihty of successful hvestock husbandry can often be remedied at a 
negligible cost The provision of suitable mmeral rations or soil dressings 
IS one way m which ^vanemg biological knowledge is making it possible to 
break down the natural limitations of locahty 
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According to the doctrine of free trade as set forth m Tom Fame’s 
of It used to be accepted as an aviom that regions whiciii piodnce 
ticular products produce them because they are inherentlj acapled to do go 
This behef, hke the Ricardian superstition^ is based on the implicit rssirip- 
tion that biologists will never be able to find out how it happens that tlimgs 
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Fig 433. — Set-Up of Expbrizwent to Show the Dependence of the Heart-Beat 

ON Metaixic Ions 

wiU contmue to beat for many hours if supphed with a solution contam- 
Sf (sodium, potassium, calcium, and magnesium) as blood m 

means of the taps A and B the hearth be alternately 
proper composition and a saline mixture from 
wmch one constituent has bcM left out or added m excess. The figure shows how 
stops when the heart is perfused with a calcium free fluid, and bow it 
proper saline is supphed once more A sheep’s heart 
^ ^ beating m the same way, but the fluid must be kept abwt body 


grow in one place and do aot grow in another, what makes them grow best, 
and how they can be induced to grow at all There are mnumpraH e linuring 
factors to growth If any one of them is lacking successful husbandry of 
CTOp or stock IS impossible It may happen that the lack of one of them can 
be remedied at a tnfling outlay, when other contabutory agencies are 
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specialij propitious to success Foi instance, a plant admirably adapted for 
foliage o* loot gi.ov.'th and Jiruit iipemng m SngLna may not oidinanly 
gro V tm-xe, b«.Cc.asc Jie seedlings aie susceptible to cail;- frost If we know 
tins. It may be less .t estefbl to let the seeds ge^imnai'e under glass than to 
impoix die fieri pioduct fiom Honololu As widi cneimst_j *“0 with biology, 
moic scxenuSc icnov/ledge meaus less dependence on mtuie^s _eadj-m?de 
anierutics 


VTTl-JWI>'S 

Eaiij worn on nuuation belongs to tne «anic socuu eonteut as tne ca.pen- 
menls of Watt on horses The human body was first sricLea as a i^acnme 
for doing work Its food lequirements were investigated firom the standpomt 
of energy uansformed in short periods of work or rest v/iihoul regaid to a 
long-iange view of national weU-bemg This Lmitation of ot^tloon was a 
proper corollary to the sentiments of the prosperous aasses m the first stage 
of mdustnal capitalism, w-hen the worker was called a “hand ” The balance 
sheet of food consumption, respiration, escretion, and energy production in 
enpenments of short duration did not shot/ any discrepancies beyond the 
lange of experimental error, and the lesson of scurvy had been long for- 
gotten when the modem smdy of niimuon began Till recently it was there- 
fore thought that the three mam classes of foodstuffs supplememed by traces 
of the requisite mmeral salts include all the essentials of a healthy diet 

The advance of knowledge has now got beyond the physiology of the worker 
as handt and is beginmng to tell us somethmg about the nutritional needs of 
the worker & attzen In the first decade of the present century the chemistry 
of foodstuffs had progressed so fax that it was possible to carry out more exact 
observations by feedmg animals on diets of chemically pure protem, fat, and 
carbohydrate The anurigls reared on such diets refused to grow, though they 
thrived if comparatively small traces of natural foods were added. Further 
research show^ that different symptonu of disorders produced by exclusive 
feedir^ on such punfied rations co^d be duzunated by the addition of small 
quantities of ordinary articles of food So it has been possible to distmguish 
different “accessory food fiictors,” the absence of any one of which is asso- 
ciated with a particular defect. 

Genencally these substances have been called vitamins The name does not 
mean that they have anything m common besides the fact that they do 
not belong to the classes of diet constituents previously beheved to be all- 
mdusive, the fact that the requisite quantities are very small, that they all 
appear to be orgamc compounds, and that their chemical constitution was 
unknown when the word was first mtroduced The chemical constitution 
of several of them is now known, some can be synthesized and others will be 
synthesized m die near future Research along these hues wa^ encouraged by 
the conditions of food shortage during the European war of 1914r-18 when 
“nutritional” diseases like scurvy and nckets came mto prominence 

Scurvy is due to the absence of a oomparativdy simple substance m the 
diet Itis ascorbtc aad. Before its chemical nature b^ hew detennined it wu 
called “vitamin C.” Ascorbic aad has the foscmula CJS^O^. It has alcohdMd 
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and ketone characteristics on account of four OH and one CO radxcles in 
the molecule It is present m most fresh fruit and m many vegetablesj especi- 
ally in oranges, lemons^ black cturants, green leaves, and potatoes Smce its 
moleculai constitution has been discovered, its commercial manufacture from 
glucose has been started 

Calciferol^ with the formula CgsH^gOH, is one of the known forms of 
another vitamm, “D ” It is produced by &e action of ultra-violet hght on 
another alcohol called eygosteiol Ergosterol has the same formula ^ 28 ^ 43 ®^ 
With a different mtemal arrangement of the atoms m its molecule The exact 
chemical constitution of both substances is now known Various fish hver 
oils contam another form of vitamm D whose formula is C27H4iOH So also 
does butter fat The D content of the husks of npe cocoa beans is high, and 
the latter can be used m cattle feeding to raise the D content of the milk 
The absence of D is responsible for the defiaency disease called rickets, 
still common among the poorer section of the population Rickets can be 
cured and, of course, prevented by admmistenng any form of vitamm D, or 
by exposure to ultra-violet radiation from mtense sunlight or a mercury 
vapour lamp The exposure leads to the pioduction of D m the skm from pro- 
vitamms such as ergosterol Rickets is a deficiency disease affectmg espeaally 
bone and tooth development m children They are especially prone to it if 
brought up in dmgy dwellmgs and sunless cities, unless the lack of ultra- 
violet hght m their normal environment is counterbalanced by a diet con- 
tainmg excess of D, that is to say a diet with plenty of fresh eggs, summer 
milk and butter with preferably, to make sure, some fish hver oil or calciferol 
preparation Pigs are also hable to get rickets Modem pig-breeders take special 
precautions to avoid this In Scandinavian countries glass which transmits 
ultra-violet light is used for the wmdows of pig-styes There has been more 
progress m the education of Danish pig-breeders than m the education of 
British pohuaans. 

Scurvy and nckets are the chief diet “defiaency” diseases which have 
attracted attention m the West There are several others Apparently the 
animal body needs a substance which is abundant m the husk but not m the 
gram of plant seeds like cereals Its absence produces severe muscular weak- 
ness, espeaally m birds A similar condition m human bemgs is the disease 
called “ben-ben” to which Japanese peasants who hve largely on a diet of 
polished rice are liable This is because removal of the husk removes “vita- 
mm B|” Ben-ben can be cured by the administration of smtable extracts 
made fitx>m these husks, from wheat germ or from yeast The active chemical 
constituent, now called aneuntiy is an organic compound of which the hydro- 
chloride has the formula C12H17O N^S Q To keep anirnals healthy on diets 
of pure protems, fats, carbohydrates, and mineral salts it is essential to add 
vanous other substances like the above m mmute quantities* One of these, 
called vitamm A, is present along with D m butter fet, egg yolk, and cod- 
hver oil, especially m the first two It is also an alcohol with the formula 
C20H29OH, chemically related to the plant pigment carotm The animal 
body can convert the latter mto A If the diet is defiaent m A, or in carotm 
Its pro-vitamm, a nim als show general habihty to bacterial infections, and 
an adequate mmimnm seems to help resistance to diseases like colds 
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and influenza Lack of n>.coUmc acid present with 

aneurm m jeast^ as also in poik flesh and is responsible 

for pellagra^ a disease of the Qigestive Gysten:: and s^^in The com- 
position of what IS now called vitamin p^esenn ir cexe«?i oils and green 
leaves, especially?' lettuce, is not yet known if A iz acsenL complete sterility 
results from degeneration of the testis in. tne male and resorption of early 
embryos m the female 

A supply of fresh butter and green vegetables or fresh eggs ensures the 
presence of sufl5cient vitamms to meet the reqmremenLS of heai by growth 
A hberal allowance of milk keeps up an adequate supply of calciimi, ana of 
Bg If the mineral and vitamm content of a diet are safeguarded by this 
means, or by recourse to the use of pure chenncals such us calciferol oi 
carotin, a diet of soya beans can supply all that is necessary for the physical 
reqmrements of a human bemg While Vi^heat, barley, and nee appear 
to be adequate as sources of protems, maize is not The reason for this is 
that digestion of maize proiem does not yield one of the ammo acids (trypto- 
phane), which IS an essential constituent of piotems in the ammal body 

Biologxcal knowledge is now approachmg the stage at which it will be 
possible to specify all the necessary constituents of a plant or ammal diet com- 
posed of chemical pure substances The result is that a totally new attitude 
to husbandry is emergmg On the one hand we can plan for an irreducible 
minimum consumption appropriate to umversal human needs On the other, 
we can plan for the expenditure of a minimum of human labour in pioducmg 
the necessary constituents from the soil with the aid of sunhght and bactena 
Two obstacles stand m the way of usmg our newly gamed knowledge of 
nutrition m its twofold aspect One is the obstructive individualism which 
opposes any interference with planless competitive enterprise m food pro- 
duction. The other is that our Colonel Bhmps are less concerned with the 
proper care of their fellow countrymen than with the provision of a healthy 
diet for pigs, racehorses, or bullocks Indeed, the most vocal zoophihsts and 
anti-vivisectiomsts are foimd among those who take up human destruction 
as a profession or profess complete disregard for human well-bemg by the 
way they behave m their capaaty as voters In some countries the Colonel 
Blimps have come now to regard a national minimum of calories as a patriotic 
gesture, and are thus abreast of scientific knowledge m 1850 or thereabouts 

The calone standard of nutrition is fittmg to a slave avihzation m 
which cheap labour is abundant ‘‘Bntons never will be slaves** should 
not be sung at meetmgs of parhamentary candidates unless they are 
prepared to force a national minimum of food for all m suflSaent variety 
to ensure contmued growth and health A standard mmtmum diet is not 
a sufiBaent guarantee of national health unless it makes allowance for 
preferences which result from social habit To take a horse to the water is one 
thing To make it dnnk is another So also it is one thmg to see that every 
citizen can get the necessary quantity of vitamins, and another thing to make 
sure that he can get them m a palatable fonn. In contemporary society the 
difference between the quantity and variety of food consumed by the ncher 
and poorer sections of the community is more conspicuous than any difference 
an the quahty of the conversation w^ch accompames its consumptiQiu Usmg 
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our knowledge to the fullest extent does not mean that vanety need be saca- 
ficed to a narrow definition of effiaency The mechamcal technology or uze 
coal-steel age employed coal tar chemists to fiimish thousanas of 
dyes as substitutes for the few natural colours which primitive biocecnnoiog^^ 
provided If biochemists were set to work at the problem, they could picduce 
thousands of new synthetic flavours as substitutes for the limned range of 
natural ones which are now available for the culinary art The science 
nutntion will receive a new impetus when national food production is plannecl 
to safeguard the health of every atizen 

WATER CULTURE AND TANK GARDENING 

In Its earhest stages the study of plant nutntion was mainly besed oju 
potting experiments with the addition of excess of one or other mgredicats 
to a poor soil The recogmtion that they can make their own orgamc matexicls 
from the carbon dioxide of the air and the salts and water of the earth led 
later to a simplification m the technique of stud3nLng the dietetic needs of 
growmg plants, A seedling can be brought to maturity by letting its roots 
grow m water, if the water contains the requisite morgamc salts m a total 
concentration which does not produce shnnkmg or swelhng of the root 
cells owmg to osmotic pressure In the last ten years this techmque, long 
familiar as a laboratory device, has been adapted to the economic production 
of crops both for forage and for human consumption 

The growth of forage crops without soil is described m the followmg 
citation ficom Nature (October 1936) 

Attention has recently been given to production of green fodder for cattle 
and other Jferm stock without the mtermediary of the soil In Great Britain the 
method advocated is apparently of German origm, and it is claimed that the 
fodder is grown from seed m ten days Accordmg to pubhshed accounts, a layer 
of seed (maize or other gram) is spread on a perforated metal tray, and the tiay 
IS placed m a cabinet, constructed to hold a senes of trays The seed is damped 
daily by water, containing a small percentage of nutnent salts, from a tank 
placed on the top of the cabmet, and, when an adequate temperature is mam- 
tamed, the seed germinates and m 10 days a growth of shoots some 12 mches 
high IS obtamed This growth of shoots, with the mass of rootlets, is then 
given to the stock Several trials have shown that this fodder is readily eaten 
by stock, but carefully controlled experiments are necessary to demonstrate the 
full nutritive value and the costs of production of this fodder 

This practice does not seem to mvolve the formation of new material by 
photosynthesis It is essentially a rapid way of converting the food stores 
already present m the gram mto a form more smtable for the consumption of 
farm stock 

Of greater mterest are other experiments carried out at the Umversity of 
California by Professor W F Gencke, on the production of crops m shallow 
tanks of water to which the necessary chemicd fertilizers have been added 
The seeds are sown m a layer of sawdust or moss on wire netting just above 
the water mto which the roots grow. Even m localities where the soil is 
good, this tank culture method has the following advantages (Gencke* Amer 
Jctmi 16a, 1929): 
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Arsons tnese aie (a) Ceitcun aesired compositions of plants can be obtained 
by gLovi^ m vyater tiiough mampiilaaon of factors that affect absorption of 
specifed elements 5 (b) more economical use of elements growth m water 
thjLOUgh mampm^aon of facto-. s that resu-iCi: abso^paon to aefiLate growth 
pe^iodSj more economical use of Ji^ater^ as all Jiat ’'s supplied is available;, 
(d) closer planting can be employeOi, (^) complete por^anJit^ of plants, especially 
desirable n So "^exS 

Details of yield obtainec by tanis culture nave been kmc!} s^pphea by 
Professor Gericke in a piivate communication Four basme, eacn providmg 
25 sq fc of watex smface, yielded 1,224 lb of i^pe ^omatoso The 28 lb of 
chemicals required for thus crop cost Icsc than B cents a pound A basm 
providjng one-hundredth of an acre of woiQr sinface yielded 24 65 bushels 
of potatoes These wexe grown m the open and ^equixed -riO lb of so its Whxle 
large yields car* also be obtained with cereals, the cost of chemicals is here so 
laige an item that the method may not justify the cost of the equipment In 
general, the crops most suited to tank culture are those with a high water 
and carbohydrate content 

At piesent we can only guess at the wider imphcations oi this b-otechmcal 
advance Plant giowth is limited by thiee mam factors hght eneigy, mmeial 
salts, and water Agricultural producuon has hitherto been confined to 
regions where the supply of these three essentials is already adequate, or, as 
with the last two, where the local supply can be supplemented by manurmg 
or irrigation without too much trouble or loss The energy of sunlight 
goes to waste over the hot deserts where rainfall is scanty, and the sand 
will hold neither water nor salts Irrigation is costly, and most of the water 
used sinks through the desert sand, so it is wasted, carrying with it the soluble 
salts Tank culture, on the other hand, limits water loss to evaporation 

Some of the most significant advances m the apphcation of science durmg 
the past two centuries have been those which have helped us to find umversal 
substitutes for the endowments which Nature distributes m localized areas 
It is entertainmg to speculate how far tank culture may eventually equalize 
the potentiahties of the simmer parts of the earth It is not beyond the bounds 
of possibihty that the Sahara may become a vast open-air factory for stormg 
sunhght m the starch and cellulose of potatoes or artichokes This could then 
oe converted on the spot mto power alcohol and sugar. We are now wit- 
nessmg the begmnmgs of a biotechxiical revolution that wuU relegate the 
L,aw of Dimimshmg Returns to the same limbo as phlogiston 



CHAPTER XX 


THE ASCENT OF MAN 


The doctrine of common descent or mgamc evolution, foreshadowed m the 
world outlook of the Ionian naturalists and then Epicurean successors, was 
revived m the penod of mtellectual ferment which preceded and accompamed 
the French Revolution, when the teachings of the Greek matenahsts were m 
favour among saentific mvesngators Without attractmg much comment 
from the world at large or exatmg much discussion among other naturalists. 
It was defended m England by Dr Erasmus Darwm of the Lunar Soaety 
(see p 431), m Fiance by Lamarck and Samt Hilaire, and m Germany by 
Goethe The influence of the new doctnne was ephemeral While the 
S 5 ^temauc study of plant life was the professional busmess of the apothecary, 
the seed merchant, and nurseiyman, that of animals was still a gentlemanly 
pggnme without any professional organization of its own In the half century 
before a vigorous controversy raged around the pubhcation of Darwm’s 
Ongtn of Species, the French zoologist, Cuvier, elevated to the rank of 
baron by the return of the Bourbons, exerted ^ his influence as leader 
of a new school of comparative anatomy to discourage evolutionary 
speculauon 

The accumulatton of an immense collecuon of new data conspired to 
command the almost universal assent of saentific men, when Darwm ex- 
pounded It with singular )oumalistic skill which few saentific writers have 
excelled On the other hand, the approval of his fellow naturahsts provides 
no esplanauon for the &ct that Darwm’s wntmgs became the focus of one 
of the greatest mtellectual struggles m the history of human knowledge 
To understand why this is so we have to recall the fact that England was 
the centre of the controversy England was approachmg the zemth of a 
prosperity based on the exploitation of new saentific knowledge, and the 
new captains of mdustry had not as yet acquired an effective voice m the 
pohcy of the official strongholds of English culture Nonconformity prevailed 
among the entrepreneur and the new personnel of saence The Test Act of 
1673 which imposed the acceptance of the Anghcan sacrament on Enghsh 
candidates for pubhc office was not repealed nil 1828, and the removal of 
rehgious tests which exduded Nonconformists, Cathohcs, and Jews from the 
umversines was not completed nil fifty years later, then only m the teeth of 
bitter opposmon fix>m the Bishops’ bench m the House of Lords Even the 
condmon of the En^ish Royal Soaety had prompted Babbage, Lucasian 
Professor at Cambridge m the Newtonian succession, to wnte his tract 
(1830) on The Dedme of Science m Englcmd, and years later Faradajj^s dis- 
sansfacnon prompted him to refuse the presidency H G Wells states the 
posinon m the following passage: 

Bnnsh saence was laigdiy the creation of Enghshmen and Scotchmen 
working outside the ordinary centres of erudiUon. We have told how the 
umversines after the reformation ceased to have a wide popular appeal, how 
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they became the educaaonal preserve of the nobility and gentry and the 
strongholds of the established church A pompous and unmtelhgent classical 
pretentiousness dominated them^ and the5< dominated the schools of the middle 
and upper classes The only knowledge lecogmzed was an imcritical textual 
knowledge of Latm and Greek classics^ and the test of a good stjrle was its 
abundance of quotationsa allusions, and stereotyped expressions The early 
development of British science went on therefoie m spite of me formal educa- 
tional organization and m the teeth of bitter hostility of the teac hin g and 
clerical professions 

A few dates and madents will bnng ihe social milteii of the contioversy 
mto prominence In 1854 dissenters were first admitted as students to the 
Umversines of Oxford and Cambndge, m which teaching posts were still 
restricted by rehgious tests The obstiuction of the Bishops* bench to com- 
plete removal of aU rehgious qualifications for college and umversity offices 
(other than chairs m Divimty) was not defeated till 1878 In 1856 the first 
Atlantic cable was completed Lord Kelvin (then Wiiham Thomson), as a 
director, laid the foundations of a fortune (see p 729) which vmdicated the 
plea of Babbage by appl 3 rmg Newtoman mathematics to the measurement 
of delayed transmission In 1859 Darwm pubhshed the Origin of Species In 
1860 Bishop Wilberforce came to the British Association to ask if Huxley 
claimed descent from a monkey through his grandfather or his grandmother 
Durmg the controversy which ensued Disraeh*s undergraduate flippancy 
and the impudent pomposity ofWilham Ewart Gladstone were enhsted m 
the defence of the Faith 

The Normal School of Sqence where Huxley taught was not what it 
now IS, the Impenal College of Saence and Technology, an msntution 
powerful enough to seduce Sedgwick from the chair of zoology at Cam- 
bridge to direct Huxley’s former department In Darwm’s time there was no 
provision for modem scientific instruction m the older Bntish seats of leammg 
Cambridge did not capitulate nil Kelvin had made his fortune Oral tradition 
relates how the proposal to equip laboratories for practical teachmg in 
experimental physics was opposed m the senate by a prominent mathe- 
matician He contended that students should be content to accept the 
testimony of professors who were all commumcatmg members of the Church 
of England True or not, the story is representative of the temper of the time 
The scientific controversy was carried on while the pohtical struggle over the 
Test Acts was stiU proceedmg The mterventton of Bishc^s and of an Anghcan 
Prune Mimster mevitably made evolution the ideological symbol of the move- 
ment to reshape the key positions of English education m accordance with 
the aspirations of the new mdustnal leaders, 

A parallel struggle m Germany, where coal-tar chemistry was to provide 
new opportumties for exploitation, was earned on with Haeckel as the 
champion of evolution The following remarks by Humphrey m The Scientific 
Worker^ Nov 1937, describe the German scene 


In Germany supporters of political r^orm took up Darwmism almost as 
their catchword The middle-classes were still oppressed by the remains of the 
aristocracy, and the Eiberals were still hemmed m by the clencal and conserva- 
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tive forces This reaction became intensifiedt after the 1848 revolutionj and so 
also was the fight for Darwinism The popolaiizers were Johanaes Muile^ 
and Haeckel The lattci was particularly leer m fightin^^ the acwlrme of 
ignorahimu^ m whac*.i he scented political icaction In ’ 87" at a scientihc 
at Mumchs while the Prussian Govern ment 'Tras drafting a new educauonal la\ , 
he gave an address upon tlie lelation of e^ elution to science" m gener^ In it re 
expressed the assurance that biology conceived m an evoluuonary manner ’■o not 
an exact but an histone sciencca and could form a basis for a uniform vie^' of 
life which would gradually reconstruct the whole of human existence on genera 
humanitarian Imes^ and which should therefore consupite the foundation*^ xor 
all education He was opposed by Virchow, who saiu that Darwinism was 
largely unproved and that school education should confine itself to mdispi-tabie 
proofs This view was greeted with cheers by the conservatives Shortly after- 
wards the Prussian M mister of Education sent round a circular stnctly lor- 
biddmg schoolmasteis m the country to have anytlimg to do with Darwmism, 
and m the new educational law biology was entirely excluded from the 
curriculum The ume when German biology held its own m the world came 
with the immense techmeal and economic development which followed the 
unificauon of the German states mto the Empire 

The acceptance of evolution as an ideological gesture of the cultural 
supremacy of the new manufacturmg plutocracy m England and Germany 
had two effects One was beneficial to saence The other which was haimfiil 
IS not sufficiently emphasized, and is only be ginn i n g to be apparent to a few 
biologists The controversy proved beneficial because it encouraged biological 
teaching in the universities, attracted benefections for research and support 
for the growth of pubhc museums It helped to raise the pursuit of biology 
to independent professional status, and sup^hed funds for apparatus and 
equipment This nursed mto bemg new branches of enquiry which had no 
immediate apphcation m social practice at the tune. In domg so, it con- 
tnbuted to the advancement of useful knowledge m the long run Meanwhile 
It deflected mterest away from the pressmg biotechmcal problems which 
had been raised by new horticultural practices m the first half of the century 
and concentrated attention on the more purely descnptive study of hvmg 
creatures 

In assimilatmg evolution to its cultural aspirations, mdustrial capitahsm 
moulded the direction of biological enquiry m accordance with its matenal 
reqmrements Durmg the revolutions of Stuart times large-scale farming 
assoaated with the enclosure movement which contmued throughout the 
succeedmg century offered an outlet for capital mvestment, reflected m the 
active mterest of the English Royal Soaety m all aspects of husbandry 
When the evolutionary controversy began, only a decade had passed smee 
the repeal of the com laws The policy of agncultural self-suffidency had 
been abandoned Cheap bread supplied from undeveloped temtones to 
factory employees m rapidly growmg centres of urban congestion was the 
proper coroUiy of low wages Darwm’s emphasis on competition as the 
basis of selection m nature endowed ruthless commercial rivalries with the 
vcrisimihtude of natural law, while Ricardian eoonoacmes placed a flaming 
sword between the farm and the fectory 

Side by side with the work of contemporanes bke Mendel whose researches 
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hac* a Ci.ose leiaiion to jp.cblem^ of ms Dai wind's e^peri- 

mento on hcr::dz./ ^eorcsent ^ mean <yrdor o"' pc Jb^'j^ance That French 
biOlogy rsce^i^^d liilc stmi'ila's* the e^'^riu . l onary '^ont^Gte^ov is not 

snrpnsmg Tte xevolution Jiad long Lb cdtii^G^cn che joke 

of aii estabiisncu ciiutcn i:3 close leiL^acQ 7o tn® aeecs of ^he md’istry 
and an aca rojucj cf a^tTc tTieLj.) a** c'c” T-rnoc e’-peaenced a 

brilliant: efflorescence of tiotecbxacai Engles ano German 

biologists Vvere preoccnpica v'f - fiiLng tbe ? cLmae c ' e o. nonm 7 record 
Bi^cept in so rar as :t retf^-ied :tb. co i^rcu Ii rot. B p*. cctice through 
mediciiiej, the leadership of Bntaxn and Ge»nia£:"^ b^clc^ica- science ended 
when the laxgei iaconae had r^een filled Sx iimg progress of Diology in 
pmsuix of It? true anc lsL\^rfui goal has since taken oluca in couii^r es liisie 
me Urn ted Estates, Scxncimaviaj and moie recent' v ne U S S B ^ 7 nere 
’arge-scale capitalist faxmmg With paternal encodragcrient f om tns Go\ern- 
ment^ co-operative faixnmg and State n! mning ate sl pplj ^ng new pioblemi 
and the resources for colvuig them 1: u significant taat a dCiUand fc- Govern- 
ment mtei venuon m British ignculture^ voiced h\ emmen b cchemists novV 
comes from a school of biologists w^hose v^O’’ Le^i oulss-^s evolcticnaiy 
tradition 

The struggle for cultural supremacy and tre lu^iSd outlook of 
the manufacturing classes couspned to make the evoJutiona*,y problem the 
focus of a controversy which extended far beyond the boundai^'es of saen- 
tific mtercourse, and the thesis which put the maich to the bonfire signalizes 
a new phase m the history of scientific discovery A slow process of accumu- 
lating new facts had occurred during the preceding century at mcreasmg 
tempo As with the solution of a picture pu-^zle^ a pomt was reached at which 
the genetal pattern became suddenly and bnlhantly clear Dunng the last 
half century before Darwm’s Origin of Specter was pubUshed three themes 
had become promment m biological studies 


THE PRINCIPLE OF UNITY OP TYPE 

Of these, a new orientation m systematic classification of hving animals 
and plants might seem to be least related to the social mtheu From 
anaent times the search for medicmal herbs and for ornamental plants 
sustained a more or less contmuous mterest m codifjnng the diagnostic 
features by which different species can be identified Between the herbals of 
Theophrastus m 300 b c and of Gerard m A d 1600 there was very httle 
genume progress m content or method The herbals of the sixteenth century 
describe many plants which were not known to the Greeks or to the Arabs, 
and omit others that were Till the practice of realistic illustration, fostered 
by the growth of surgery in the sixteenth century, slowly spread to other 
tj^s of medical treatise, information of this type had a local and ephemeral 
character. The contents of the herbals waxed and waned simultaneously, 
and scarcely reached dimensions beyond which ready reference without 
recourse to codifkatum would home been tmpossxbU^ 

Durmg the seventeenth and eighteenth oentunes a new genre of botanical 
treatise reflects the growth of pubhc and pnvate physick gai^ens, the acquisi- 
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tion of new medicinal and commercial plants such as Peruvian bark (quirune), 
the potato and tobacco from the New World, the organization of commerci^ 
seed pioduction and horticulture, and the mvention of the microscope The 
new genre was m turn both more mtensive and more extensive The herbals 
of the sixteenth century display hardly a rudiment of systematic classification 
A turning pomt is signalized by the herbal of Jung of Lubeck m the opemng 
years of the seventeenth century Jung arranges flowermg plants m assem- 



Fig iSi — Malpighi’s Drawings of the Geraunation of the Bean — 

A Dicotyledon 


The two seed-leaves or cotyledons are fleshy food stores between which the young 
root and shoot are at first concealed c shows the seedling m secuon, and m e both 
cotyledons have been removed In the root nodules characteristic of legumes are 
figured for the first time 

(1 his and the next figure reproduced by his kind permission and that of the pubhsher from Dr Charles 
Singers Short History of Biology, Oxford XJmversity Press ) 


blages which show s imilar t3rpes of flowers. Such are the Compositae (daisy 
family), the Labtatae (dead-nettle family), and the L^ummosae (jpea femily) 
With this end in view he prefaces his arrangement of known plants with 
descnpave termmology for external charactenstics of plant orgamzation such 
as the inflorescences (spikes, umbels, pamdes) for which his own termmology 
has come down to us The work of Monson, Professor of Physic at Oxford, 
represents the mtensive type of study. His tmame (1672) on a smgle flimily 
of flowermg plants the TJwbdhSerae (paisley, carrot, etc ) emphasizes how far 
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the recognition of new species haa extended beyond the range of the ancient 
herbals In the herbal of Theophrastus^ a disciple of Aristotle, about three 
hundred plants consatuted an exhaustive account of the world’s flora When 
Ray pubhshed the most notable example of me new extensive treatise 
{Histona planiarvfn) between me years 1684 and 1704, he ^^vas m a position 
to describe nineteen thousand plants di'/ided mto cne hundred and twenty- 
five assemblages which mcluded, m addition to the families mentioned above, 
the Ciuaferae (wallflower family), the Rt^btaceae (goose grass family), and 



Fig 435 — MALPiGm’s Drawings of the Germination of a Grain of Wheat — 

A Monocotyuedon 

e IS the last in the series Part of the single cotyledon remains within the gram as an 
absorbmg organ, and the rest of it forms the sheath of the first ordinary leaf 


Others of which the names survive in botamcal works today The begmnmgs 
of a hierarchical arrangement are also seen m the broad division of flowermg 
plants mto Monocotyledons and Dicotyledons (Figs 434, 435) 

The practice of dassilymg plants for purposes of identification arose 
naturally from the accumulation of more data than the unaided memory 
could mampulate The several soaal agencies which encouraged ss^tematic 
desenpnon of new species have been mdicated sufiSiciently m previous 
chapters* Once classification began, an ever-present reality of animate nature 
stamped itsdf^ mescapably on the execution of the task The prmaple called 
Umty of Type did not spring into existrace suddenly* As more mtensive 
and extensive studies developed side by side, botanists b^an to realize that 
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some characteristics, e g the coloui of the Cower, ai.c shaded by plaats with 
few othei common features, \!^hiie others distmgmsh gioups of species with 
many common features Hence it is possible to arrange piauuD 
of which the membeis chare a very large nurabci of ciiaie ctSi-isacs 
distmguish them from o^hei plants The davi ning ic<"o^niiion of posuibiiity 

which expressed itself in a comple\. hierarchy cf i.e&enibiances is inherent in 
a practice w^hich is already founa ul the herbais of the sixteenth centiiiy?^ 
though'* It was no* geneially adopted Each plant hca twu names, one specific 
to It, the e ber its %efe^ic name che<xccte-.AStic of otheis wmcii resemble it very 
closely 

The arrangement ox ivmg creatures in a system based on unity ot type 
may be liluairated by a.e cla^sificatory position of man and tne pnmiose 
Each IS a spe«^ies, i e a group of OAgamsms of which the members mlerbieed 
freely with one another and do not breed freely with members of othei 
speaes m nature In each species there are several local va,teites oi races 
which preserve their distmct chaiactenstics if they aie prevented from mter- 
breedmg by geographical or artificial agencies Any smgle species may 
contain an immense number of such varieties, which can be dehbeiatel} 
perpt mated by breedmg like to like as m animal husbandry, horticulture, 
and crop production Such vaneties would soon lose their distmcuve features 
if left to breed with one another without mterference, and the distmction 
between vaneues and speaes is therefore capable of bemg put to experimental 
test In practice it is difficult to deade whether two distmct forms are actually 
different, unless they occupy the same locality There is then no barrier to 
crossmg except their own disabihty. Two loc^ vaneties which are separated 
by a mountain range or sea may be classified as distmct speaes though they 
would freely mix if there were no suc±i obstacle to prevent them 

Both speaes referred to have two names, a first or genenc which it shares 
with the speaes most like itself just as we slwe our surnames with our brothers 
and sisters, paternal cousms and parents, together with a second or specific 
name which mdicates a particular member of the genus just as our Christian 
names distmgmsh us from our biothers and sisters Thus Wordsworth 
was one of the species called Homo sapiens and the pnmrose is Primula 
vens Homo sapiens mcludes a number of more or less distmct local varieties, 
e g Eskimos and Negroes Where the natural and social barriers of ocean and 
tabu have been broken down by commerce and colonization aU these vaneties 
mingle and produce ferule hybnds Some botamsts classify the cowshp and 
the pnmrose as the same speaes, because ferule hybnds occur m nature 
Smee they Sower at rather different times and flourish best m different 
surroundings, they tend to preserve their distmcuve characters m the same 
locahty So other botamsts disungmsh Primula vens^ the cowshp, as one 
speaes and Primula vulgans^ the pnmrose, as another 

The ‘‘binomial*’ custom which is sometimes wrongly attnbuted to Linnaeus 
grew up gradually as the prmaple of umty of type impressed itself on the 
herbalists Gerard’s herbal contains severd examples of bmomial epithets 
still m use In the eighteenth century Linnaeus was the first wnter to adopt 
the practice as a umveml rule. The immense economy effected may be 
judged by compaxmg his name for the Red maple Acer rubrum with its earher 
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titie Acm A/te Joho t-irger^ueo^ si^pre viiidi splendente, 

onhu^ maUts cocctn^ys 

A siamc such. ?s this ctiempL^ vj> ccavcy ud lie -icievr:i^i ia^o-.aiatioii for 
idcn«jLf 3 rmg tie spccicsa juiciic^tcci by aC: As t-ie .z. size and moie 

plantc v/cje distyiguisned zs dic^ct bt5ecieG l3 zlo tins became 

ob^/iously nopeleos Go il viao nccccszii. to codify luz ciciAaciei^stics of each 
species by grouping ttem yiogethec Soccicg ^rcupen into genera, 

geneia mto families orders, orders mto clasbes, cind classes into largei 
uoils Tins P^^muta ^ens (the cowsnp and ^iiiriose) and PjhiyU elatior 
(the oxlip), vhich do not mlCi breed m nature, resemoio eacn other closely 
m many respects, on wmch account they are placed m tnt genus Primula 
On tu rning up a botamurJ treatise Lke Beatnani and Hooker’s BiU F^ora, 
you \;%ull find that the genus Piimoia is grouped ’pwiti several other genera 
such BS Anagallis (of which the commonest species is scarlet pimpeineJ) and 
Lysimachia (of which yellow loosestrife is one soeaes) m r family or '‘natural 
ordei^’ called the Pizmulaceac on account of the common features which 
then flowers shaie The PrimtUsceaa^ with about fifty other families repre- 
sented m Bntain, arc all placed in the sub-class Dicoiy/^d(ms^ which gennmate 
With two seen leaves and have adult leaves with a branchmg network of 
vessels In contiadistmction to these famihes. Monocotyledons:, like the lily, 
have one seed leaf, and adult leaves with parallel vessels These two sub- 
classes constitute together the class of Angiospmnsy or flowermg plants, one 
of the major divisions of plants 

The economy of this codification Ues in the fact that you can distinguish 
an mdividual plant as a member of one speues P; imida verts among about 
a quarter of a miUion of named species now existing, if you know, (a) the 
characteristics which distinguish Prtmtda verts from othei primulas, (6) those 
which distinguish Primula from other genera of the Pnmulaceae^ (c) 
those which distinguish the Prtmidaceae from other families of Dicotyledons:, 
(d) those which distinguish Dicotyledons from Monocotyledons^ (e) those 
which distinguish Angtosperms from flowerless plants like conifers, ferns, 
mosses, mushrooms, or seaweeds So a hierarchical classification is a key for 
identifying speaes m the most economical way 

The procedure used w^th ammals such as Homo sapiens arose out of the 
practice of the botamsts and foUows similar lanes Homo sapiens is distinguished 
from Homo necmderthalensis and other fossil men who preceded him The 
genus Homo is associated with other more apelike fossils such as Pithecan- 
thropus (the Java ape man) and Sinanthropus (the Peking man) m the family 
HommtcUie Along with several other frmilies of apes, monkeys, and mar- 
mosets, this IS placed m the order Primates^ all of which have graspmg hands 
with n^, forward-lookmg eyes m a dosed bony orbit, and other features 
which distinguish them from all other orders like Rodentia (mice, rabbits, 
etc,) or Proshoscidea (elephants), Chtroptera (bats). Cetacea (Whales) grouped 
m the class (Manmtalid) of warm-blooded animab which suckle their young 
The dass Mammalia share with birds, reptiles, and fishes common charac- 
teristics, on account of whidi they are plaoai m iddcphylum Vertdbrata^ a major 
division of animals 

The social background of plant dassification calls for little comments 
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It has been niirsed m turn by the practice of medicine and of horticulture 
It has a long record of gradual growth encouraged by whatever mvenuons 
and social agencies have conspired to promote the progress of medicme and 
horticulture Intensive systematic study of animals came much later^ and 
presents a less contmuous spectacle of progress The long break m the record 
of zoological studies bet\veen Anstode and the seventeenth century suggests 
the clue to its dominant social mcentive 

We may roughly divide the history of systematic mterest m animal life 
mto three penods First comes a penod of thirty years or so dommated by 
the work of Aristotle and his pupils No further progress is noteworthy till 
we reach the sixteenth century of our era^ when the beginnings of a new 
hterature of zoology can be traced between 1550 and 1750. During this penod 
wMe the systematic classification of plants made rapid progress, knowledge 
of anim al life expanded notably without conspicuous advance towards a 
classification analogous to those m vogue today The third penod firom 1750 
to 1850 saw the nse of hierarchical classification based on the recogmuon of 
Unity of Type It is ushered m by the revival of evolutionary speculation, and 
reaches its climax m the general acceptance of the doctrme of descent 

The fact that no noteworthy zoological progress was made by the brilliant 
avilization of Alexandria receives a suffiaent explanation from its essentially 
urban character The failure of the Arabs, who mtroduced herbalism mto 
Europe, to make any signal contnbution cannot be explamed m the same 
way yXlaaat the Moonsh culture lacks is the impress of a feature common 
to each of the three penods distinguished m the precedmg paragraph The 
matenals of Aristotle’s survey of animals then knovm were collected during 
the campaigns of Phihp of Aiacedon Greek culture was witnessing the 
irrupuon of an Asiatic fauna To the Athenian of Anstotle’s time the elephant 
was a phenomenon as spectacular m its novelty as were the Zeppehns to the 
inhabitants of London in 1917 The Islamic conquests did not bring a new 
faima withm the expenence of the civilized world, as did the colonization of 
Amenca m the seventeenth century or the opening up of Australia at the 
end of the eighteenth, when a rapid development of maritime communications 
was imminent 

That imperial expansion abetted by improved commumcations and com- 
mercial mtercourse has been a decisive social agency promotmg mterest m 
the systematic study of ammal life, when new faumstic resources have been 
disclosed thereby, is amply supported by more substantial evidence for what 
may seem to be a somewhat arbitrary division of the history of zoological 
enqumes The matenals winch Anstode denved from the Alacedoman con- 
quests have been debated too fully to ment further mention (vide Singer’s 
Greek Biology and Greek Medicine) The active encouragement of biological 
survey by the Admiralty durmg the Australian voyages m which Cook was 
accompanied by the botanist Sir Joseph Banks, is well known, as is also the 
influence of colonial admmistrators like Sir Stamfiird Raffles, who was 
largely instrumental m starting the London Zoological Gardens after his 
return from office m Java and Malay. How Bntish Imperialism fostered 
zoological expeditions m the early nineteenth century, and how the pro- 
vision of medical attendance for the care of passengers when steam naviga- 
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tion developed conspired to encomage the scientific study of new faunas is 
told in biographies of the great traveiiei naoiralists 

The formative influence of colomal pohcy m the preceding period is less 
fiilly realized The social policy .vhich accompamea the colonization of the 
New World brougiat mto one and me same social conte-A.t the systematic study 
of animals and plants This common soaal conte^^t famishes a safficient reason 
for the classification of animals accordmg to the model ’•^hicn haa ongmated 
m the practice of the herbalists A glance at the contents of the proceecungs of 
the older scientific acaaemies is sufiicient to diaw attention to the character- 
istic feature of natural history m what has been distmgmshcd as the second 
period m the history of zoology Thus the Philosophical Transactions of the 
Enghsh Royal Society of 1702 contams intei aha ‘‘an account of JVIr Sam 
Brown his Sixth Book of East India plants by James Petives apothecary 
To these are added some animals which the Reverend Father George 
Joseph Camel very lately sent him from the Philhpme Islands ” In the same 
year we find Air Strachan’s “observations in the island of Ceilon on 
the ways of catchmg fowl and deer^ of serpents^ of the anibear and of 
cmammon/* 

These miscellames weie not mere products of idle curiosity Though 
mmeral prospects largely dommated the aspirations of the Spamsh and 
Portuguese conquerors of the New Worlds biological products soon became 
important materials of commerce, the search for which was prominent m the 
colomal pohcy of their Dutch and English rivals for mantime supremacy 
Contemporaneously with the beginnmgs of colonization the search for 
biological products was not confined to the New World The development 
of the whalmg mdustry and the emergence of the fiir trade belong to the 
Tudor period The latter was the special objective of the Muscovy Company^ 
and Hakluyt’s records give catalogues of plants, animals and mmerals, drawn 
up by ship’s captains m the Elizabethan voyages In 1585 John White, one 
of the earhest settlers m Virginia, for some time its governor, and heu- 
tenant to Raleigh on several voyages, made drawmgs, among which is one 
of the kmg crab, an Amencan missmg link between the scorpions 

and the extmet aquatic Euryptenda It was engraved for de Brys’ 
“America,” and is now m the British Museum The text accompanymg the 
drawing is a translauon of Thomas Harriot’s A Biief and True Report of the 
New Found Land of Virginia 

A century after the Muscovy company was chartered the Hudson Bay 
enterprise was started with a similar end m view The mtroduction of agri- 
cultural products, like the potato, or of medicmal and domestic amenities, 
like tobacco and Peruvian bark, ^so prompted more ambitious aspirations 
About the same time as Evelyn’s proposals for importing new ornamental 
and useful trees from the British colomes the adventurous hopefulness of 
early capitalism is illustrated by a suggestion, from which nothmg came It 
IS worth quotmg because very similar sentiments recur in the statement of 
the founders of the Zoological Society at the beginning of the nineteenth 
century Robert Childe, prmapal contributor to HartUb’s Legacies an agn- 
cultural work published m 1665, advocated the mtroduction of black foxes, 
muske cats, sables, martmes, and adds to his hst “the elephant, the greatest, 

aa 
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Wisest, and longest lived of all beast, veiv ''erviCcable ior caiiiage 
(15 men usually ndmg on Lis bacbe together) ” 

The third volume of York CoIo7ual DocuTpents comams a leference 
to a commission which was specifically requcstea to draw up a report on the 
plants of America m 1664 The geramum of oui grecjiijtouses and pubhc 
gardens is derived from the Cape Pelargomum It bears ^^atness to the close 
relation between the Dutch East India Company ana the flouiishiiig horti- 
cultural mdustiy which already existed m Holland clurmg the se\enteenth 
century The Hoi tu^ Malabai icus^ a monumental work among the herbals of 
the seventeenth centuiy, was prepared under the aegis of the Dutch governor 
of Malabar with a «kilfiil staff of Brahmans to assist m the preparanon of the 
figures The threefold nascellames of foreign plants, animals, and imnerals, 
m the saentific periodicals of the time axe m fact, the record of an acuve 
pohey of prospectmg the material resources of the colomzmg powers Durmg 
the penod between ICOO and 1750 knowledge of animal lift and natural 
mmerals was expandmg rapidly, while the new practice of botanical classi- 
fication was takmg shape 

When Linnaeus pubhshed the first edition of the Systsma Natwae m 
1735, bnngmg together all the fruits of the newly accumulated knowledge m 
his tripartite division of nature into the three “’Kingdoms,** the method 
of arrangement which had emerged from the more advanced systematic 
study of plants was mevitably adopted as a basis for the classification of 
anim als The Linn aean treatise like the De Fabnca of Vesahus is less the 
be ginning of a new phase than the completion of what had gone before A 
new era of colonization was ushered m with the irruption of the Australasian 
faunas mto the saence of the old world Several circumsiances now com- 
bined to stimulate an unprecedented zoological progress m the first half of 
the nineteenth century Two call for separate comment. 

The first is that Australia yielded types of animal life which difi[ered from 
previously known ones m a far more stnkmg way than the faunas of Amenca 
differ from those of Europe and Afnca The duckbilled platypus (Fig 45) is 
a spectacular illustration of this, and its discovery was of itself sufficient to 
act as a focus to the evolutionary speculation of the penod 

The second is that progress m the prmciples of chenusuy and electncity 
had greatly advanced the study of physiology m the eighteenth century 
Smee the most distmctive features of plant organization concern their 
reproducuve organs, further progress in plant classification after the work of 
Ray and his contemporanes received its chief impetus firom improvement 
of the microscope, which made it possible to compare the reproductive 
processes of the flowerless plants Among animals the character of the 
reproductive system is far less distmctive of recogmzable types of orgam- 
zation The relations of the muscles to the hard parts co-operatmg with 
them in locomotion, the alimentary canal and its assoaated digestive ^ands, 
the arrangements to ensure oxygen supply to the movmg parts by the circula- 
tion of fluids, the nervous system, all display innumerable common features 
charactmstic of large groups The recognition of Umty of Type m animals 
as a whole was not possible till the woi^ of the organs of the b^y was suffi- 
ciently understood to provide a ba^ for comparisem. 
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As m all other departments of biological k-iowledge the invention of new 
instruments which emerged from a ozfierenic soaal contest played an im- 
portant part in the of zooiogicci cos<-.iiIcaLon Daring the period of 

colonizing the Nev/ ^orld^ eaii]/ m-^ioscopes ncC. c^oadened the world 
oudooit of science no inan uie wclescorec of Gonieo end ^Ceple" A quota- 
tion from Siellm flGSO)^ one of itL-e efri'ieut. of Lj.e n rtos''C'"*'s^C5 ciced by 
Smgei emphasizes its mSuence 

I iiave usea the m c^oscope £0 e^ o mme oees md ch tneiO parts i hc'^^e also 
fgtnea ^iepaiaxly aj^ members Jius dneoxe cd hj me .o ny no 'Css jcv aim 
rpa*’‘^e2 SjiH e hey tue ml’^notvn 10 ArAStode ana uO < mcr t-^OiraliSt 

me b-oad oti lines of a ^.lassiScciaon oi living crean^res ca^ed on tre 
^ecogmiicn Oa on-iQ/ of type was compie^ea aiixmg ore tnree decaaes 'VvLich 
mtcivened betr.eer the introduction of modem microscopes and the 
puoiication of Darwin’s OitgtA In die Lght of dte mfoimationL derived from 
microscopic studies the twofold di^isxon of organisms into ariiTY^fll s and 
plants is now supplemented by a diud division^, ihe Pioctsic^ m which, as 
explamcd m Chapter XIX, all non-cellular orgamsms (infusoria, diatoms^ 
bacteria, etc ) aie placed Ihere is no sharp Ime of demarcation betvt^een 
ProUsta whicu live m colonies and the simplest types of “'animals’' hke 
sponges 01 ‘^plants’" such as algae and fungi Most of the maior groups or 
phyla of anunals, and some of their subdivisions, together with a few of the 
distmgmshmg charactenstics which umte the animals placed m them are 
given below 

Phylum I Poiijeta — ^This mcludes the sponges^ orgamsms of which the 
bodies are mainly a gelatmous secretion penetrated by a labyrinth of canals 
The canals are Imed by cells with vibratile filaments (‘‘cilia"’) which mamtam 
a constant sneam ot food parades Masses of sperms and egg cells are found 
embedded m the gelatmous body walls along with spicules or homy fibres 
There are no separate digesuve organs, no blood vessels, nerves, or sense organs 

Phylum 11 Coelcnterata — Orgamsms m which the hollow body consists of 
two mam cellular layers separated by a gelatmous middle legion A smgle 
orifice, the mouth, leads mto the central cavity, which is usually surrounded 
by tentacles, and acts as the digesave organ of the body Digested foodstuffs 
diffuse through the body substance without the aid of blood vessels to carry 
them There may be muscle fibres, more or less oistmct from the linmg cells 
of the cellular walls, connected with simple sense organs on the outer surface 
by a network of nerve fibres In addition to sexual reproducaon, buddmg 
IS common Many species form sedentary colomes from which free swimmmg 
sexually equipped mdividuals are hberated Corals, sea-anemones, jelly-fish, 
and polyps (Fig 43 b) are members of this phyltun. 

Phylum 111 Platyhelrmnthes — Flattened worm-hke creatures which are, 
with rare excepaons, hermaphrodite The gut, if present, has a mouth but no 
anus The nervous sj^stem consists, as m all the remammg phyla, of a peri- 
pheral portion — nerve trunks — and a central mass where nerve cells are con- 
centrated There are no blood vessels The muscular system is well developed 
There is a system of canals provided with ciliated cells believed to be excretory 
organs The three pnndpal classes are Turbellana (free-living flat worms found 
under stones in ponds and m rock pools); Trematoda (parasitic worms call^ 
^‘flukes,'* mdudmg the liver fluke which causes $heqp-rot and tlie womi which 
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produces the human disease called bilharziasis m tropical coimtries), Cestoda 
(tape-worms — parasites devoid of a gut) Sometimes associated with the Tur- 
bellana is the class of free-livmg unsegmented marme worms called Nemer^ 
tinea Unlike the above but like all the remaining phyla they have an anus, and 
are sometimes placed m a separate phylum 

Phylum IV Nemathelrmnthes — Smooth^ elongated worms with a tapermg 
body They have a mouth and anus, no blood vessels^ nor sense organs of vision 
and balancmg They are mosdy parasmc and mclude the pm-worm, which 
often infects the digestive tract of children, m addition to more dangerous 
parasites of stocks and crops and to the human parasite Filaria, which produces 
elephantiasis m tropical coimtnes Species of T>lenchus, Heterodera, and other 



genera form galls on wheat, beet, etc Nearly all the species put m this phylum 
are placed m a smgle homogeneous class, the Nematoda^ called thread-worms 
Phylum V Rotifer a (Trochelminthes or Rotatond) — ^These are complex 
organisms of exceedmgly minute dimensions hvmg m fresh water They have 
a well-developed alimentary canal and nervous system and a simple type of 
excretory system Their distmguishing characteristic is a disc fnnged with 
vibranle alia m front of the mouth, giving the appearance of a rotating wheel, 
whence their name **whe^ arumalciales ” The males, like drone bees, are pro- 
duced by parthenogenesis or virgm birth, i e from eggs which are not fertilized 
Phylum VI EcJunodermata — ^Radially symmetrical marine animals m which 
the skm contains calcareous plates which are often jomed together to form a 
rigid covenng to the whole body Along typically five grooves of the surface are 
double rows of pores through which fine muscular suc^cers, the ‘^be feet,*^ 
are everted There are five classes with modem representatives* Asteroidea 
(star-fishes) Hchmoidea (sea-urchins)^ Qphxuroidea (brittle stars), Cnnoidea 
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(sea lilies), and Hoiotliuroidea (sea cucumoej.s) There are many fossil lepre- 
sentatives of ail uie classes, and also several classes nhich are now totally 
extmct Tne eg^, is fertilized m die open sea, starts life as a free-swunming 
larva, which is coveted with ciha-bearmg ceils ana passes Jirough a compli- 
cated metamorphosis m8.o the adult foim 

Pnylvm VII Mollircotdea — In tins group are mc!aded a nt mber of seden- 
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Fig 437 — ^Marinb Bristle Worm or PoLvcaiAETE 

The dorsal body wall has been cut away from the first few segments At the hind end 
of the dissection, the gut is seen passmg through one of the septa which divide the 
body cavity mto a senes of compartments Five other septa, from which the gut has 
been separated, are seen farther forward 

tary mostly marme organisms with very doubtful affinities, the mam resemblance 
bemg the circlet or groove of tentacles in. the mouth regions The two prmcipal 
classes, each with fossil representatives, are the Brachiopoda (lamp shells) 
and the Pol3n3soa (sea mats) which superfiaally resemble hydroi^ They are 
sedentary, often hermaphrodite, and form colomes by buddmg 

Phylum VIII Armeltda — ^These are worms m which the body is seg- 
mented and typically provided with bnstles by which locomotion is earned out. 
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There is a well-developed system of contractile blood vessels, and a vential 
chain of nerve ganglia The three mam classes are Oligocnaeta (mostly earth 
worms), Hmidmea (leeches), and Polychaeia (marme bnsdc v/orms (Fig 437) 
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Fig 438 — ^Unity of Type in the Mollusca 
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At first sight representatives of the diflerent classes of Molluscs seem to have little 
in common Certain characteis are, however^ shared by several classes of Molluscs^ 
though not in every case by all, and so the phylum is loosely kmt together We can use 
these widely distributed features to synthesize an ideal Mollusc (A), from which the 
existmg classes might plausibly have evolved. It is bilaterally symmetrical, and crawls 
on a fiat muscular foot like that of a snail A fiap called the mantle runs all round the 
body like the eaves of a house Posteriorly, the hollow between the mantle and the 
foot IS large, formmg a mantle cavity containing a pair or more of gills The edge of the 
mantle secretes a shell which therefore grows as the mantle grows Inside the mouth 
IS a file-hke radvda for raspmg off food Gkinad and kidney are connected with the 
pericardium and open together mto the mantle cavity The central nervous system 
consists of a ntunber of ganglia, most of them surrounding the oesophagw^ but some 
perhaps lymg out m the musdes of the foot and among the viscera The Gastropods 
such as the whelk and the snail, have gone through a complex process of torsion 
The mantle cavity has become twisted round to the front of the anixc^, and m the snail 
has become converted mto a lung, the gills disappearing 
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Fig 438 — continued 


Bivalve Molluscs (C; or LatnelbbranckSi such as the mussels, cockles, and oysters, 
have taken to a sedentary hfe The mantle is extended mto two large lateral flaps, each 
covered with a separate shell or valve^ the two valves bemg held together by musdes 
A large mantle cavity is enclosed on each side between mantle and foot The laner is 
usually wedge-shaped and used for burrowing The double gills have moved round 
mto the lateral mantle cavities through which they extend as complex abated sheets 
Water currents set up by the aha of the gills carry mmute organisms, mostly algae, 
to the mouth Respiration is shared between the gifls and the mantle The radula and 
the well-deflned head have disappeared D shows a transverse section with the mtemal 
organs omitted In Cephcdopods (E) such as the cuttle-flsh and the octopus the body 
has been pulled out m a dorsi-ventral direction The foot has been made mto tentacles 
and a funnel through which water can be shot out to propel the animal along The 
shell 18 usually enclosed by the mantle and the radula is supplemented by homy jaws 
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Fig 439, — ^ANATOiMcy of the Crayfish 

(fit) Part of a walking leg with windows cat m the joints to show the muscles. Note the 
directions (indicated by arrows) m which each joint is able to move, (6) The gill chamber 
opened from the side (e) Walking leg with gill attached, (d) Itight half of a crayfish. In 
the hear^ three of the oj;>enings wbicht connect the heart with blood spaces can be 
seen (s) Longitudinal section mtouih the compound eye 
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like the i*Ag-worm used -or bait ana uhc sea moase^’J Annelids are often 
hermapm odite 

Phy^i.ffA iJI — lUnsegme-itea aii.*ncus ■7*.tn a weil-devexoped heart 

'\a 2 cn pL mps die D-c^d fiom leaT-iikc giLs to tne tx&saes Thexe are few chaiac- 
teristiCS common ».o me ^-\xXo'o ph^iaoij oj.^ eacn class snov s unmisthable 
likeness to t*ic sma-i ceni_a'’ group \nicli nc^caes me Cn*tois Tre other three 
principal classes arc ha’^el'’Jcxancma<.a < Pelecj pon^) Cjstersj mu^sselsa etc ^ 
Gasw-opod^;* 'v ana rran’'^ cthexb)^ and Cepnalopoda (nautilus^ 

octopus^ cuttle-hs-r) The C istiopocts OlC often ne^iraph-oa te 

FhylvtMU A Art^i cpoJt^ — Tn-S contains mo-e species then an/ other phylum 
Its members ha-i,e segmen-'ed oodies^iike the xArsnelida, fxom '^inch trey diiFer 
in ha\rLas jointed legs, the iTk-scles o^wheh are enclosea in a na"*d es^ternal 



Fig 440 — Two aiek Fleas, AIembeus of the Class Crusiacea, 

Both Magnified About 30 TmES 


skeleton (Fig 439), a heart which fills itself by contractile pores or osua from 
a mam blood cavity mto which the finer vessels discharge, and limbs wholly 
(mandibles and maxillae) or partly modified as jaws The oldest group, the 
Trilobita, is completely extmet, and combmes some characteristics of the other 
classes^) of which the prmcipal ones are Crustacea (wood lice, crabs, shrimps, 
lobsters, water fleas (Big 440) and barnacles), Myriapoda (millipedes and 
centipedes), Insecta or Hexapoda, the true msects, and Arachmda (spiders, 
scorpions, ticks, harvestmen, and kmg crabs) 

Phylum K1 Chordata — ^Aside from a few groups of simpler orgamsms like 
the sea squirts or Tumcata^ which start their fives as creatures something like 
tadpoles and generally settle down to form colomes of hermaphrodite adults 
capable of buddmg off new mdividuals, the overwhelming majority of this 
assemblage are placed m the sub-phylum Vertehrata All vertebrates have a 
highly characteristic central nervous system which hes dorsal to the gut (spinal 
cord), and expands at the fore end mto a bram with a characteristic group of 
nerves firom the great sense organs (eye, mtemal car, and nasal organ) of the 
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heads and others supplying the eye muscleSs hearts etc Ac some stage of lile 
the heart pumps blood foi\/ard round a series of vessels soi. rounding: the 
throat peiforated by clefts These bear gill filaments v.h.ch aic the respiratory 
oigans m the aquatic classes (Fig ^.42) Such elects aie present m the 
embryos of the terrestrial classes, but do not bear gill filaments (Fig ilJ) 
Throughout the sub-ph3dum there i* a chaiacteris^ic grot^p of organs, the 



Above, two views ot the whole animal, about li times natmal size The front wings 
are thickened and protect the thm hind wing* which he folded beneath them Below', 
left, the mouth parts Only one mandible and one mamlld of each pair is shown The 
labium IS a pair of appendages which have fused m the imddle Ime 

‘‘duedess glands,^^ which mclude the thyroids, adrenals, etc* The same type of 
digestive juices are secreted mto the alimentary canal by characteristic organs 
called the hver and pancreas throughout the group, and the s3rstem for excreaon 
of nitrogenous waste by two ‘‘kidneys** has an essentially similar structure m 
all members There are six classes of vertebrata, viz* 

(«) Cyclostomata (hag-fishes and lampreys), which resemble fishes m 
their respiratory and caxcujatory arran g ements but, unlike fishes, lack jaws, 
paired limbs, or wefirdefined vertid^rae The spm^ column 1$ represented 
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b'lp ? sOU. is present in the enibn*o of higher 

■"ertebrat^Sj d«l ^ea.erail: J saprears n Ife 

P-oces ( ^StTeG } M-.hr ^ Cj.cSu.o'Xcs .-rey c-.ec.the b'^ g^lls^ cind have a 



anic2ina. 



heart with only one aunde (except m the long fishes), receiving the blood 
from the tissues They chiefly differ in possessing paired fine 

C^:) Amphibia (newts, salamanders, frogs, toads) Generally these start 
life as tadpoles with circulatory and respiratory organs like fishes Thw 
sometimes retain the latter throughout hfe* They always have lungs (as 
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do some fishes) which usually replace gills m the adult, and, like the three 
remammg classes of typical land vertebrates, ha\e five-fingered hmbs 
The heart has separate auricles receiving blood respectively (left) from 
the lungs and (right) from the rest of the body, but the ventricle which 
pumps blood out of the heart is not divided as m the remaining groups 

(d) Reptiha (crocodiles, lizards, snakes, tortoises) These are cold- 
blooded land vertebrates with no aquatic larva, the fertilized egg bemg 
enclosed m a shell The body is covered with scales The heart connects 
with the mam artery of the trunk b> two arches, one of which only (left m 
mammals, right m birds) persibts m the next two groups 

(e) Aves (birds) These are warm-blooded forms with feathers and fore- 



The front end only of the fish is shown The veins are m black and the arteries, which 
carry deoxygenated blood from the heart to the gills, are lightly shaded The portal 
vein, which carries blood from the gut to the livei, is also shown 


limbs modified for flight (Fig 444) In most other respects their anatomical 
organization is typically reptilian 

(/) Mammaha Warm-blooded land vertebrates m which the body is 
covered with hair The young are suckled and, except m the case of two 
primitive cggAaymg genera (duck-bill (Fig 445) and spiny anteater), are 
bom alive 

Plants are commonly divided mto four great phyla, as follows. 

I Spermaphyta —These are the seed-beanng plants, m which fertilization 
IS brought about by scattermg pollen They are generally divided into two 
sub-phyla 

(a') Gymnosperms, m which the seed is exposed on the surface of the 
separate leaflets of ^e female cone This group mcludes the conifers (pme, 
jumper, yew, etc ), maidenhair tree {Gtnkgd), and the Cycad palms 

Q>) Angtosperms, m which the seeds are enclosed m ovaries which with 
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the pollea-beaTiiig oig^ns a-e typically associated togethei m the structure 
called, the flower* Tiie fiooeiing plani^s aie suodi'^ ided into two main 
classes (p 925) Xiie inciiidcd can oe *nfened from the names of 

some of tae typical OjLdej.S 5 viz AioAOi^oty^edo - (^jLiliaceae^ Grammeae^ 
IriaaceaCj Orchidaceaej clC )> zdo^'^s CRosaceaej Priniwilaceaej Com- 

positae^ etc ) 

II Ftzndophyta — These ednbit a iegular alternation betr^een a separate 
spOjtC-bearmg fornij whach has much tiie same vegetcttive sjructure (rootj> stem^ 
and leaves) as tae dowermg plant, and simplei more ephemeial sexual struc- 
ture ^joich produces typiCaJ spermatozoa aitd egg cells bl^e Laose of ammals 
(see p SJ5) Tins phylum includes ferns, horsetails, and cmb-mosses 


iSre Zimi 



Fig 443 — ^Human Embryo, About 4 Weeks After Conception, 
Magnified 7 Times 


III Bryophyta — ^These plants exhibit the same type of reproduction with a 
regular alternation of sexual and spore-producmg forms The spore-producmg 
plant IS a parasite on the sexual one, and develops neither root nor leaves The 
sexual plant, which may have distinct shoot, leaves, and simple root-like struc- 
tures, has no wood vessels, and its imcroscopic structure shows little differentia- 
tion of distmct tissues such as occur in the stem and leaves of ferns, flowermg 
plants, and conifers The phylum includes mosses and liver worts (p 836) 

IV Thallophyta — ^This is a rather heterogeneous assemblage of forms, the 
members of which show various degrees of interrelationship m vegetative 
structure and reproductive methods, though the group as a whole is diflSlcult 
to defuae, except by the fact that none of the plants placed m it exhibit the 
characteristics of the other three phyla Their vegetative structure is generally 
very simple At best it is httle more complex than that of the hver worts Often 
the body is merely a filament of cells jomed end to end The algae^ which are 
aquatic and possess chlorophyll (which may be masked by other pigments), 
mclude seaweeds Many have motile spermatozoa, but m a few the sexual process 
IS represented by the fusion of two cells of adjoining filam e nt s (Fig 405) with 
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the production of a resting ‘*spore ” Formation of asexual reproductive cells or 
spores IS also common When there is a regulai alternation the tvvo generations 
do not differ m their vegetative characteristics as do the sexual and spore- 



Fig. 444 — ^Vertebratb Wings 

The extinct flying reptiles called Pterodactyls had a wing membrane stretched between 
the elongated fourth finger and the hind limb In bats> the second to fifth fingers are 
long and the hind limb agam helps to keep the membrane taut Birds have feathers^ 
which stand out stiffly on their own account^ and the awkward tymg up of the hmd 
limbs with the organs of flight is thus avoided 

bearing forms of ferns and mosses Other thallophyta which live as parasites 
on plants or animals, or feed on dead orgamc matter (e g moulds on jam, dry 
bread or cheese, mushrooms on manure) have no chlorophyll and are called 
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fu/fgy FiiTigi jtcjgjs^^j. w so-^tablc xOi surviv^al in 

a-T The i ci^e «.ssocT*'t cnc or « ■h.r^pi-s TZitn j. £^:a2pie '^rcen ir*rot3st5 Vihich 

sapplies -it ^v^itra O-'^arhc -a bp ji.s pcv .g. u •• 3 tlie complex 

gfeen orpu-iiszr's 

'I he progress of clcscJiciji^ii oji d- c/pr^ ^wLc tnree 

decades ^jhidh preceaec jat evr .n Jie inic»- 

mneteenda cenoirp^ iippiesscd on db^ naoi-siLZSiLS of jcie period tjcree con- 
clusions, which na^^e ics*. their no^eliv T-^e £rst \b tnrl the geneial 
plan of organization chaiacte.istic of the Icrrgei classes of tnunais or plants 
lb appropuate to the mode of ’3ife cLaracteL-^Suic Jie of spec^eo 

mcluaea m them Tne second *s that eacn cltist tmted h;/a conemon 
aichicecture also mcludec many spec es wiicae mode of LTe it "er/ different 
from that of the majono>" The third is that^ w:idc ±te Ov erwhehnmg majority 
of animals mcluded m a class generally shjie a s'aige number cf features winch 
distmgmsh them sharply from species mcluded m o-hei classes^ there are also 
species which bridge the gap oet^^^'pen such classes by cczabjimg characteristic 
features of more than one cias: 

The first is well illustrated m the two great phj'^a of ammais whirn show 
the greatest development of sensory discrunmation and motor co-ordmotion 
Among aithropoas the crusiacea are nearly all aquatic^ while msects are 
nearly all terrestrial Associated with this is the fact that Crustacea breathe 
by gdls — ^tufted filaments at the base of the limbs through which the oxygen 
dissolved m the water diffuse$~-or by absorption of dissolved oxygen over 
the whole surface of the body. Insects breathe by tracheae (Fig 441 b) 
Among vertebrates fishes are all aquatic and breathe by gills, reptiles, birds, 
and mammals breathe by lungs and are nearly all terrestrial Among plants, 
the Ptendophyta are usually found m moist places, growmg beside streams 
or swamps T^ey have motile spermatozoa, which can only reach the egg 
cell by water The Spermaphyta, on the oAer hand, generally hve on dry 
land, and tteu pollen is earned by msects or wind to the ovule 

The second conclusion stated above emphasizes the existence of striking 
exceptions to the first Thus a few Crustacea like wood lice and the coconut 
crab hve wholly on land, and a small proportion of msects like the dragon- 
fly spend a large part of existence wholly m water A few reptiles like the 
turtles, a few birds like the moorhen, and, among mammals, the seals and 
whales, lead a whoUy aquatic existence though they contmue ta breathe air 
Some of the most stnkmg anatomical differences which distinguish birds 
from mammals (e g presence of feathers and absence of fingers) are closely 
related to the habit of flight On the other hand, a few birds — ^I*e the kiwi 
of New Zealand — are completely unable to fly, while a few mammals, the 
bats, are completely aenal Among flowermg plants some species, e g duck- 
weed, are more completely aquatic than fems, though they can produce pollen 
and thus have reproductive arrangements appropriate to terrestrial existence 

Thus the mam features of the overwhelinmg majority of speaes m a class 
based on common anatomical architecture are appropriate to the mode of 
life typical of a large proportion of them, and a xmnonty exhibit the same 
general plan with minor modifications appropriate to a different sort of 
existence. The picture as a whole presents a senes of distmct types of organiza- 
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Hon each related to a definite habit^ and repeatedly modified to meet the 
demands of a new environment While each type of organizHtion is disHncc 
m the sense that the overwhelmmg majority of forms m a class generailj^ 
share a very large number of common or interconnected, characicrxstics most 
groups contam a few species which^ while predommantiy lil^e the other 
members^ share outstandmg characteristics of other groups 

This third rule is well illustrated at every level of classification Thus the 
majority of vertebrates are either aquatic like fishes^ which breathe by gills 
and swun with fins, or are terrestrial like reptJes, mammals, and buds, 
which breathe by lungs and walk on legs with toes The Amphibia (frogs, 
newts, etc ), on the other hand, are semi-aquatic, havmg limbs typical of the 
land form and bieathmg for the first part of hfe with gills Here we have 
a small group of land vertebrates with gills Likewise a few species of typical 
fishes, like the lung fishes and bow-fin, with typical fins and other fish struc- 
tures have limgs, as well as gills Or agam, while mammals as a whole are 
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Fig 446. — ^The Duck-billed Platypus, a Primitive Egg-laying Mammal 

viviparous m contradistmction to reptiles and birds which lay eggs, the 
duck-billed platypus (Fig, 445), m most respects a typical mammal, lays eggs 
with a hard shell like the eggs of a lizard or a thrush, and has shoulder bones 
like those of a typical reptile 

Though the actual number of these hvmg ‘‘missmg hnfcs’* is very small 
m comparison with the many speaes which faU mto sharply defined cate- 
gones, most groups have a small mmority of forms which blur the hard 
outlmes of a classificatory system In Chapter XVII wc have distmguished 
two very distmct t3rpes of reproduction charactenstic of ferns on the one 
hand, and of flowenng plants on the other While the ferns form the majonty 
of Ptendophytes and the Angiosperms the majonty of seed-beaimg plants, 
there is, besides, a senes of species which bndge the wide gap between these 
two extreme and well-defined types of reproductive organization So fer 
we have spoken of the pollen gram as if it were a smgle cell comparable to the 
sperm of a fern or an animal While it is at first a smgle cell, the nucleus 
divides several times before the pollen tube reaches the ovule and only one of 
these nuclei fuses with the cell nucleus of the ovule. In a few seed-beanng 
plants the cell substance round two of the nuclei m the fully formed poUen 
tube IS separated oflF, forming distmct sperms. The sperms of the cycad palms 
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and of the maiaeiZih&ir istz (sc2 t 7 1“: rs sesL'-L^s^ixng olants^ have 

ciho and ^XLile T'bub Jie pcL:^n 3 u ajnaacradle to the 

Single sperm of a fcj a 

To see mere ci^ar^y >12 .? l a-o^a l ^xcecsc-.'^' *.3 loo^c for 

other missmg m uie tJiiea '' .'.cco. has ^ regular 

altemauon of smaii ephernex2u. c yj^od^emg both 

spenratozoa and egg cehs^ ill. s^e z-pzcz\ Horsetails 

(Egm^etum) produce spoies iihe ajiuce of me: of two 

kmdsa smaller ones v/hich proclace male p^otram "me* mes Vv^hich 

pioduce female prothalJU In the genus of S^Ijg ajUa^ 

this separation is accompanied by a gieat ec^rt-cd of die ^ £T^o*.mrce of the 
sermal generation The small spores do nox gemiinate to fo- it an -.nfependent 
plant The sperms are produced i/istde die c pore coa^j and me sel free \vnen 
It ruptures The only essential difference beiween me srnrii spores oftne club 
moss and pollen of a maidenhair tree is that sper ns of me formex make their 
way to the egg cell by swimming No tube is fca-ned tc help crem .0 reach it 
Thus the pollen gram combmes in itself ?» maie-pm t--'3.odw: ag spore^ an 
extremely degenerate male plant, and tx^e spe^Ti i.seil Ix s 00th t3rpes 
of fern repioducuon telescoped xnio one process 

Seed production is also tvvo types of reproduction condensed m a smgle 
act The large spores of the club moss foxm very degenerate fexnale prothalh 
when they germinate The female prothallus is a mass of ceils, witli a few root 
hairs, partly enclosed m the spore coat Each has only t^o or three ovaries 
like that of a fern, each with a smgle egg cell The ovule which develops into 
the seed of a flowermg plant is a mass of cells suirounded by a capsule, the 
seed coat In the centre is a large cell, the c/nbiyo sa< The nucleus of this 
divides seveial times, and one nucleus umtes with one of the nuclei m the 
pollen tube After that the combmed nucleus divides to form the nuclei 
of the cells, which constitute the embryo The whole structure — ^the outer 
tissues of the ovule, the embryo, and the remains of the embryo sac — ^repre- 
sent three generations telescoped mto one The seed coat coi responds to the 
spore-produemg organs on the leaves of a fern The embryo sac corresponds 
to a spore, when it is still a smgle cell Afterwards, when the nucleus has 
divided. It corresponds to the very degenerate female prothallus of the club 
moss The embryo is the beginning of the next spore-produemg generation 

Thus, although the first impression gamed from classifymg animals or 
plants is the conclusion that they fall mto clear-cut groups with characteristics 
suitable to the circumstances of their lives, closer study reveals the existence 
of mtermediate, more generalized types, which bridge the gap between 
different groups, and innumerable features of organization also suggest useless 
survivals of a former existence This suggestion becomes more imperative 
when we compare hvmg species with extmet ones It then appears that 
species which seem to show the vestiges of another type of organization came 
mto bemg later than speaes m which the same type predommates 

THE PRINCIPUB OF GEOLOGICAL SUCCESSION 

Among the loman school of matenahsts, whose brilliant but short-hved 
tradition has been refeired to many times m thus book^ Xenophanes made 
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obsetvations on the remains of shells and fishes fonnd in rod^s fa^ from ihe 
sea, and conectly interpreted them as remains of e^mnct crecitrres In rhe 
same matenahstic tradition Herodotus even went so far cs *.o c rn esti- 
mate — about ten thousand years — of the lime it ijre to r 0 Red 

Sea with silt if the Nile opened mto it He coirectl;/ interpreted u'^e fcimatron 
of the delta as the result of sohd matter ashed down by £o - of the 
sacred nver 

When the maieiiahstic tradition was revived by the English physicists of the 
seventeenth century, coal mining had become a subject of scientiSc enquiry 
Robert Hooke^ perliaps me most fertile scientist m the annsJs of jdnglx:ih 
culture, advanced the common-sense view of fossil remains and the changing 
configuration of land and water Hooke’s speculations exerted httle dircc. 
influence Close study of the earth’s history and of the succession of iivmg 
creatures v hich have peopled it made httle headway, till new social influences 
conspired to encourage the exploration of the earth’s ciust m che closing 
years of the eighteenth and opemng yeais of the nmeteenm century of oui 
own era 

In the mtervemng time Christian cosmogony elaborated by Aiilton and 
Ussher reigned supreme The world according to the painstaking arith- 
metic of Ussher, one of Hooke’s contemporaiies, was six thousand years 
old Ussher, as Bury remarks, had proved beyond dispute that the Trinity 
created man on October 4th, 4004 b c , at mne o’clock m the mommg (winter 
time). The limits of land and water were finally settled on mat date by divme 
decree The manne fossils, mconvemently collected at great distances from 
the coast, were either deposited by Noah’s flood, mserted, where found, to 
test the faith of behevers, or left there by itmerant merchants and armies 
with a partiahty for fish diet 

Contemporary with Hooke, Steno, a Dane (once professor at Padua), 
had, m 1669, issued a tract on Orgamc Petnficattons within solid rocks 
Steno recognized fossils as remains of long extinct animals, and aigued in 
fevour of an ongmally horizontal disposition of the sedimentary rocks The 
ideological temper of the times was not favourable to the birth of a new 
saence Lyell remarks 

The theologians who now entered the field m Italy, Germany, France, and 
England were innumerable and henceforward they who refused to subscribe 
to the position, that all manne orgamc remams were pioofs of the Mosaic 
deluge, were exposed to the imputation of disbelieving the whole of the sacred 
writings Scarcely any step had been made m approximating to sound theones 
since the time of Fracastono, more than a hxmdred years havmg been lost, m 
writing down the dogma that organized fossils were mere sports of nature 
An additional period of a century and a half was now destined to be consumed 
m explodmg the hypothesis, that orgamzed fossils had all been buried m tlie 
solid strata by Noah’s flood Never did a theoretical fallacy, m any branch 
of science, mterfere more seriously with accurate observation and the sys- 
tematic classification of facts 

Referring to the controversies which accompamed the birth of geological 
research m Bntam, LyeU adds* 
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The e-t->LC^ — a*>u. zz<=: H* uor i* dcctr-tiies ma the open 

disregard or ca^ido^ir le^zzp^t. jz. tuie cc v^ili iaaid^y be credited 

she reader^ i^ess he recaps t-*' li^s reccj.eaaor: ^^at ^e rr^J the Enonsh 
pziohc ’ivas ai hci luocac a oCCwS o£ he Saish eic-^-r^en. *h class of v/i iters 

jc^icince iiaa been iacoJi-2g wiwastL''oiL 3 *^ ro" " sa^s te Cj-iiinisn the 

indigence of aie C 0153 sapp^^ jolq fotJccatLons o" nae Czz. s^an faiLn and 
their success rpd tfae ccnseq-u.e xces of tne -evclut-on Lizz aiarmeG the most 
Aesolute imnds^ ^"hde Jie nnagmaaon of moie aiZii.a v^as conuniall^ 
haunted D3 cLeac of -jancvation Cjf nze pn^n-onz or&o-ne fex-f d axe''*n 

''X"e caoDot eciJinaie Jie malevolence cf Gt.cn -u pc-.«^CL.^cz: 37 Jie pcin r’rxcr 
similar msinuauons migh. no’^ tnaiCt for aitho.gn cn-^ges^of inhdei and 
atheism must al\ya]y9 ce ocLoas th.^y v^eie -ii,ur-.oas m die e L^cire et that 
moment of political eac^temexiLj and al neU-er, perna^is, for a n-an s good 
reception m society/ a that his moral character snoida -..aze i^ecn noducecs tnan 
that ne should become a maiit foi these poisonec capons 

In this passage Lyell lefers speciScaliy to a necus^ ^ymeh mgn. hyve 
exerted less influence^ if me luines had been less propidcus Hutson, v*nose 
Tneo^y of the Earth (17SS) \;ias the Ins* considerable e s.carSi.on mto die foj ma- 
tion of the earth’s crust, was one of the same group as Joseph llacKy Fiancis 
Home, and Crawford m Edmbtirgh (pp 415 and 59G) I-Ie belongs to die 
penod when coal mining was assertmg itself as a po\v erftil inaustr3 m Scot- 
land Lyell remarks that* 

tins treatise was the jfirst m which geology was declared to be m no wav con- 
cenied with questions as to the origin of things, the first m which an attempt 
Vi as made to dispense entirely with all hypotlieticai causes and to explain the 
former changes of the earth’s crust by reference exclusively to natural agents 

The mam argument is summarized m the following quotation from the first 
chapter 

The heights of our land are thus levelled with the shores, our fertile plams 
are foirmed from the rums of the mountains and those iravellmg materials are 
still pursued by the movmg water and propelled along the mebned surface of 
the earth These movable materials delivered mto the sea c a nno t for a long 
contmuance rest upon the shore for by the agitation of the wmds, the tides, and 
the currents, every movable thing is earned farther and farther along the 
shelvy bottom of the sea . But is this world to be considered thus merely 
as a ma chin e to last no longer than its parts retam their present position, their 
proper forms, and qualities^ Or may it not be also considered an organized body 
such as has constituuon m which the necessary decay of the machme is naturally 
repaired m the exertion of those productive powers by which it had been formed? 

We finfl marks of marine animals m the most solid parts of the earth, 
consequently those sobd parts have been formed after the ocean was inha bited 
by those animals which are proper to that fluid medium If therefore we knew 
the natural history of those sobd parts and could trace the operations of the 
globe by which they had been formed we would have some means for com- 
puting the time through which those species of animals have contmued to hve 
But how shall we describe a process which nobody has seen performed? This is 
only to be mvestigated first, m examining the nature of those sobd bodies, the 
history of which we want to know, and secondly, m ex a m i n i ng the natural 
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operations of the globe m order to see if theie now actually e^ist such operations 
as from the nature of soLd bodies appear to have been necessary to theu 
formation 

Hutton was chiefly intexested m die fossJ-beaimg layeis of the earth’s 
crusty now called collectively the sedimeniLai} roclss, and his views recall the 
bnlhant observations of Herodotus two thousand years earher The major 
factors to which he duected attention are (a) denudation^ i e the continual 
wearmg away of land surface by wind^ lamj ice^ and snow , (6) deposition of 
the loosened matter (sand^ mud, oi gravel) carried by riveis and glaciers to 
the sea Thus the sea is continually bemg fiUed up by new rock masses The 
displaced water is contmually encroaching on the land The sea floor is bemg 
raised to form new land and the land is bemg submerged to form a sea floor 
successively 

Emphasis on another dass of natural processes which modify the struaure 
of the earth’s crust was laid m the teaching of a new school of mimng 
technology, which grew up about the same tune m Germany Besides denuda- 
tion and deposition, the surface of the earth is changed by laval deposits 
of volcamc ongm and by slow processes of foldmg or of upward or down- 
ward movement aflectmg the whole thickness of the outer crust “The art 
of mmmg has long been taught m France, Germany and Himgary m 
saentific institutions estabhshed for that purpose, wheie mmeralogy has 
always been a prmapal branch of instruction,” wrote Lyell m his Principles 
Werner, who m 1775 was made professor of mimng at Freyberg m Saxony, 

directed his attention to the natural position of the mmerals in particular 
rocks together with the groupmg of those rocks, their geographical position 
and various relations, and pomted out their application to the practical pur- 
poses of mining They were mstantly regarded by a large dass of men as an 
essential part of their professional education and from that tune the science 
was cultivated m Europe more ardently and systematically • In a few years 
a small school of nunes, before unheard of m Europe, was raised to the rank of 
a great umversity 

Two other soaal agencies contnbuted to awaken interest m the problems 
to which Hutton and Wemer had directed attention in the latter half of the 
eighteenth century One is referred to m the following extract from the 
History of the Geological Society^ 

The Agricultural Surveys of the Umted Kingdom, of which reports were 
issued by the old Board of Agnculture, commencmg m 1794, stimulated enquiry 
mto the soils and subsoils of the British Isles The report on Somerset, by John 
Billmgsley (1797) contamed much geological information, while The General 
View of the Agnculture and Minerals of Derbyshire^ by John Farcy (2 vols. 
1811-13), IS a geological classic Farey (176t>-1826) had been a disaple of 
William Smith, although a somewhat older man than bis distinguished master. 
William Smith (1769-1839) had in the meanwhile been at work for some 
years, and m 1799 he had coloured geologically the old county survey of 
Somerset, and a circular map of the country around Bath (the latter preserved 
m the Library of the Geological Society} 
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The name of William Smithy a piactiial ^iiJLve3ror^ diL 3 >;vs attention to 
what was perhaps Ae most L.npOi'J'r /rich Liiodexm geology owes 

to the everyday life of mankmd Bj.AiLciin a ceaijre of practical geology 
was noith Staffoidsbirc Ptot^s se-yeMiLCeniLn>-ce^’tuiy i^aaiiise or the natural 
history of Staffoidshnc leniinds lus tout lIx sti^dy oC “T he Eailias^ ir? ttie early 
days of coal mining and niinei. al proGpectia;^ r d. coiOijL.ee e u i^a^id m hand 
with piactical chciructky ^/jcich jdao noa. ycL as a science or 

*'purc” substances ^UL-truiositiojci of ildei jjxd coal m the 

Potteries and the scaich for bettei clay^^ m £i g^and nade the 

study of outcroppings and scamb an issue of lechr-iCc ^ iiipoitance to an 
mdastry which originally o^.ed xU piospciit^/ i.o c geological site and 

occupied a position (see pp iOO and i 2 ")) o'" ;i oui iz ^o^nure m relation 
10 all the major themes of scicntif c icscci :L J2 tJrc Icucx he eighteenth 

century 

Wedg:wood 5 the Pimce of Potters^ who was eqLoiiy mipOi.tajat figure in 
the scientific and mdustiial renaissance of the pei«od^ fiequently went foi 
field excursions m geology vinih his fnCiid Bendey As it happened^ his mdus- 
trial pohey affected the subsequent h^^ioiy oi geology moic decisively than 
the search for clay and fuel Tn the caily dj}s of the Industrial Revoluuon 
one of the major commercial problems was uanspoii^^ and tins was specially 
felt m the Potfenes^ because their products weie eminently breakable The 
pottery owners^ who were active m promotmg the introduction of the railways, 
took a leading part m the Transport Revolution which preceded them, when 
the 1 rent and Mersey Canal was formed in response to a petition promoted by 
Wedgwood m 1703 

The rapid development of the linghsh canal svsteiii mvolved a new social 
demand for large-scale suivcymg, as did the growth of the railway system 
m the succeeding half century It also dicw attention to the way m which the 
natural watercourses arc lonncd Wilham Smith, who did more than any 
single man to stimulate the systematic study of geology, developed a method 
for recognizmg the order m which the various layers of the earth’s crust 
have been laid down and look the lead in studymg the types of fossil remams 
characteristic of different sedimentary rocks Speaking of his conlnbuuons, 
LycU says 

While the tenets of the rival schools of Freybuig and Edinburgh were warmly 
espoused by devoted partisans the labours of an individual unassisted by the 
advantages of wealth or station in society were almost unheeded Mr Smith, 
an Enghsh surveyor, published his tabular view ol the British strata m 1790, 
wherein he proposed a classification of the secondary formations in the west of 
England Although he had not communicated with Werner, it appeared by 
this work that he had arrived at the same views respecting the laws of super- 
position of stratified rocks, that he was aware that the order of succession of 
different groups was never mverted and that they might be identified at very 
distant points by their peculiar organized fossils. 

It was not wholly an acadent that large-scale surveymg for canal con- 
struction produced the ^Tabular View’^ on which the senation of the sedi- 
mentary roefca is based, nor that gedk^cal research was specially developed 
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in Bntaih during its early formative penod Canal surveyms" demanded 
accurate measurements of natural phenomena v^hich play no pait m the every- 
day life of urban commumties where saence is taught Tov/ folk t^ike 

the map for granted, as they take the calendar for giantcd Tjney no 
first-hand acquamtance with shifting boimdanes of land anu watei Those 
who are accustomed to cormtry life will find it more eaoy tc gxrsp me signi- 
ficance of WiUiam Smith’s itmeranes 

If you have ever dramed a marshy wood you will have watched how die bed 
IS raised by gravel and mud washed down from che l/ihuLaxies cf a sueein, 
how the presence of a log or a bunch of twigs will deflect jts couill leavn g 
Its wake a mass of silt and vegetation, how a soft waste uf muJ ^ath branches 
of trees embedded m it is hfted above the level of t! stroatn md sets to j 
firm mass, or how masses of gramte are exposed b\ the flow of die enuem 
In canal construction man mutates locally on a small scale wnat is con- 
stantly happening m nature, when seveie rams produce torrents which wcai 
away new chaxmels The circumstances which contmaally, though slovvl>, 
and otherwise imperceptibly, modify the aspect of the earth’s suifacc aie 
forced on the imagination with dramatic danty. 

By Itself this is perhaps less important than the fact that canal conslriic- 
tLon m the Bntish Isles mvolved surveymg an area m which there is a umqbc 
variety of rocks underlymg the superfiaal layers of soil Indeed it is hazily 
possible to find elsewhere the same vanety localized within so small a space 
This made it possible to test the theory of orderly succession by dcnudatiOii 
and deposition under specially favourable conditions In mimag opcxations 
we see that the character of the rocks changes as we go deeper To get coal, 
for instance, we may have to go through successive layers of giavel and chalk 
Where the edge of a land mass has been worn away vertically, as at tlie 
face of a diff, we may also be able to recognize distmct layers, e g of chalk 
overlying green sand or old red sandstone While these appearances may 
convey the suggestion that a definite order of succession exists — as, lor 
mstance, that chalk was deposited after the coal measures — they provide 
meagre matenals for testing a regular order of the various types of rock 
which made up the earth’s crust If the arrangement of fossil-bearing rocks 
has been brought about by the natural processes of denudation and deposi- 
tion, w^e should expect that some regions will have been submerged repeatedly 
while others have been slowly weanng down So we should not expect to 
find successive layers correspondmg to all the vanous types of sedimentary 
rocks at any one place 

The proper test of such a theory is the relative positions which the vanous 
classes of rocks occupy where they are brought to the surface by denudation 
The accompanying figures illustrate the general principle involved m its 
simplest manifestation^ An upland where the subsoil is chalk is surrounded 
by a depression where the subsoil is coal If diggmg shows that the level of 
the strata is horizontal, we conclude that the chalk is a later deposition. 
Thus the first prereqmsite for testmg the theory, the validity of which rests 
on the consistency of all such appearances, is the production of a map showmg 
contours and subsoils of an area in which a great vanety of surfiice strata can 
be foimd together CFiga, 446, 447, 447^* 
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Jur, ! U> -OlWUnAllON and ULPOMXrON 

* I sbi>w r u»M lajid >uifacc i he underlyan j; scdunciu try rocks, laid down long befoie, 
when tins icyjt>n was undti the sea, have become loldcd by c'lnh movements Along 
two planes, ) and /, the stiat i have become bioken across or JaiilteJ^ and the rocks 
bttw't en tliese Juidn have slipped downwanls relative to the lesi of the land Follow- 
ing those subrcirant in. distuibmtes, the agents of duiudationy weathei, and rivers, 
have worn down die land surface mto a relauveiy flat coastal plain, on which diverse 
strata arc exposed 

In iJ, tlie whi>lc legion has sunk, the sea lias reached to the mount uns, and a new 
senes ol sedimentary loeks has been deposited on its bottom, ind hes in honzontal 
layers, as yet undisturbed by earth movements They aie sepaiated trom die older 
sedunentary locks by au u^uotifortmty corresponding with the old lind -.urface In C, 
the sea has again retreated, and denudation of the new scdimentaiy rocks is already 
begmmng 

geologffi4 Grecnough, about the same ume Ihat of Smith, however, was 
richer m detail, and it was Smith who first drew attention to the fact that 
different xodks have different fiissil types. 
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If the sedimentary rocks are built from material derived from the wear 
and tear of wmd and ram land surfaces in one region are worn away whiJe 
others are accumulating new deposits So j-o geoiogicai ‘ forniaiiion’^ can 
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biG* 147 ^IhL SURIAL OiUDjLR Ol SlRAlA 


The senal order ol the strata m the earth’s emst is elucidated by combining tlirtc 
main souices of information (4?) the distribution or outcYop of the different rocks 
(e g chalk, coal, shale, sandstone) immediately below the sub-soil, as exhibited in 
a geological map, like that m the middle of the figure, (Jb) the rehtf of the surface, 
and the vertical elevation of the different outcrops, (c) the dip or inclmauon of the 
stra^ to the horizontal, in exposures which enable the strata to be seen m section 
In the case here illustrated the strata are horizontal, so that the question of dip docs 
not anse Four superimposed strata axe shown Erosion where the land surface has 
been worn away by rivers or glaaeis (as at A and C), or a nver-dramed inland lake 
at will expose different strata according to the depth of denudation If the strata 
arc horizontally placed, the oldest exposed: rocks will be those at the surface in low- 
lying country, and the newest will be those at the surface on the uplandi. 




Fig 447a — S ux«fACE, Strug ruRE, anb Succtssion 

Although some mformation may be obtained from deep mming, or fiom bormgs, 
much of the work of the systematic geologist is an attempt to translate the outcrop 
of strata on the suiface mto terms of geological structure and succession Both strata 
and surface are rarely flat and horizontal as m a More commonly the strata slope at 
an angle to the horizontal called the dtp Then if the surface is flat and hoiizontal, 
the outcrops follow each other m bands, the newer rocks showmg towards the dnecuon 
of dip ih) The regular sequence may be disturbed if the land surface is undulatmg 
(c), or if the stiata are folded (d) In either of these simple cases a stratum may crop 
out on both sides of a fold Where the axis of rock foldmg itself slopes (^), a zigzag 
outcrop IS produced if the ground is level Recumbent folds (/) produce an apparent 
reversal of the succession over a small aiea, and the true order is only discovered 
when outcrops further afield are taken into account, or when deep bormgs are made 
hatdnng m the same plane as the dip (^) may displace the outcrop, and faultmg across 
the dip may repeat the outcrop Qi) or eliminate part of it, accoidmg to whether the 
“downthrow*’' is up the dip or down By graphic reconstruction from outcrop, surface 
contours, dip measurements, and other data, the geologist is able to deduce with 
some certainty the tmderlyu^ structure and succession, m spite of these, and many 
other, compheatmg Actors* Charactensuc fossils are useful to him as labels attached 
to imrdcular layers over a wide area This does not, as is sometimes supposed, mvolve 
a ctrcttlar axgument The succession of fossils is determmed m a number of places 
where the tuccesaion of strata is unambiguous These fossils can then be used as an 
aid where odber data are less cscpliot. 
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be world-vi ide Diagrams (like Fig 449)^ sbuwmg rci::nve ages of me 
sedimentary or fossil-bearmg layers of the eanh’s cjnstjclo 30 cor^esponi to 
a verucal section at any single place The ^hic^ j beai do loi ciaed 

for a smgle t 3 ^e of lock recognizable by its .eztiv^ comi^^osi loa at sticn 
While vegetable refuse is fonmng v iiJirc raiL^e iaCw- ^rhe uta ^ly <jf ti fne 
silt may be raismg the sea-levei beyond Lu',! ilie hnchion^ 

of the Penmnes, the massive locks once iamous foi mdkmg miHstonec and 
gnndstones and hence called by ohe qaarrymen "^viilistone Gut,” logether 
with the coal seams^ make up a mieefoic mtcnac.ng system c^co’^iemporaty 
deposits This whole system of swain^, cake and tea gnl acctunnlatm^ 
at one timej there at anotheij corresponds to the single slab of lime called trie 
Carboniferous or Co ’ll Age The relative ages cssignea lo rock> at di^^eient 
depths m one and the same place and to rocks near the su»-face at diftert^nr 
places is based on surface surveys^ rnd on evpenence deoved fiom mme 
shafts^ from quarrymg, and from the aspect of steep chlTs What rocks are 
truly contemporary transpires only as a more or less conerent pic^L*i«u. unfoms 
from the combmation of evidence from all sources 

Certam regularities are mescapable iu Bnghiafh for instance^ llic comple^^ 
carboniferous system of millstone gnt^ Pennine hmestouc^ and coal scams 
hes m many places between tliick ciusts o1 and ** Red Sand- 

stone, respectively above and below it Elsewhere coal hes diicctly covered 
with marme deposits of chalk which may itself he dueedy above laj’^ers of 
New Red Sandstone (Permian)^ where no rocks of tbe ca^bonilei.uuo system 
are present Thus the Enghsh chalk assigned to the Crctacrous age is a newer 
deposit than the New Red Sandstone The latter m its turn is newer than 
the coal, and the Old Red Sandstone (Devonian) is older than all tliree 
Between Hutton and Darwm a century was occupied with the task of 
sortmg out the pieces of a gigantic jigsaw puzzle. An Itahan contempoiary 
of Hutton recognized a broad division of three systems of rocks, a primary^ 
deepest of all, a secondary or middle, and a tertiary or more superfiaal group 
Smith himself traced the succession of secondary beds severally formed 
between the coal age and the chalk age Thirty years later I-yell and a French 
geologist, Deshayes, divided the newer or tertiary beds mto Eocene^ Miocene 
(^‘'less recent”) and Pliocene (**more recent”) levels, while Sedgwick traced 
out the lowermost level of fossil-bearmg rocks He called it the Cambrian 
because the slates and grits which he near the surface m North Wales are 
assigned to it. 

When the sedimentary rocks are arrayed m chronological sequence they 
make up a total deposit of about 4()0,(KX) feet Direct observations on the 
accumulation of silt at deltas show that an immense period of time must 
have mtervened smee the first living creatures lived on earth. We can measure 
the exact amount of sediment which has been added to the neighbourhood 
of Memphis smee the reign of Rameses II From this, the rate of deposition 
by the Nile is found to be 2 feet in a thousand years. At this rate abDut 200 
miflion years would elapse while 400,000 feet accumulated. It is now possible 
to get two different historical estimates which agree closely. The radium 
atom (p 498) is unstable. It contmually gives off minute quantities of hchum, 
and Its final disintegration product 1 $ lead The rate at whidi it dismtcgrates 
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IS isnov^n iircm IciDo ^TOiy ooscl /jtLv'jij and tlie qu£?nL’t 2 eb of radium, lead, 
and hciivn m <lilc cn? ba'^ici c 'z ce^e^ mined by direct 

analysis ‘li^'e latio Oi ir’cnum j.o Oj. rccdi.jj.nL lo >, hns gives a measure 

of tlieir antiqiiiry Sy bot'H metlicc’s tic ena of e Cnniuiian period ^.s dated 
at 400,000,000 ;>ew>r« ^ 'ili a fiTfscrepancy leas uicm i p^L cent The middle of 
the coa^ age Owcur'ud 250,000,000 years rgo Tne chaL: iige occupied 
40,000,000 5edr<^, uaJ. oegon c.bojJt liO 000,000 yewjc (i^.g 

Smith collectea and dcssiliei the fo^-silb ‘ipe fcima iiii coal, in quajines, m 
chfis, and in gjiavels, noong w^'iich types of sheDs ^Tcere common, and which 
were peadiai to difcicnt Types of rock in l'/r)9, ithcn le nad compleued his 
prclnmii^ j oi inc cinei IcimatiOjQS fLom the cca^ mcasureo to the 

chadi, he had reached phe concision that dif suites of foseiis at different le\ els 
slwa/s succeed one arjothc^ la ihe same order Thenceforward a new 



Fig i 18 — Till Rl^iAI^s oi a Giant Sai/^manuer Unearthed in 1726 
Bi SciiEuciizER or ZljiaCH 

II IS dcsctibcd m Ins monugiaph as “Homo Diluvu Testis’*' {Man, U ttness to 

the Dduge') 


systcmauc study of fossil animals and plants was vigorously prosecutea, 
especially m France and m England 

The result was the recognition of an orderly pageant of livmg creatures 
embodied m what is called the Principle of Succession The prevailmg attitude 
which had been adopted under the influence of Christian cosmogony dimng 
the previous century is illustrated by a figure m an early treatise on fossils 
by Schcuchzer, who m 1720 uneaxthed the bones of a giant salamander 
Ihc remams of this species, closely allied to the extant Japanese Crypto^- 
htanchusjapomcus^ abounds m the Upper Miocene of Switzerland (Fig 448) 
The figure of his specimen called Homo dtlteott testis by Scheuchzer bears a 
motto, which is translated 

Oh, sad remains of bone, firame of poor Man of sm. 

Soften the heart and mmd of recent sinful km 

The geological succession of orgamsms is demonstrated by two classes of 
data The first is that many of the more highly speciahzed and successful 
groups of the present day did not exist at earher penods of the earth^s history. 
They were preceded by forms which are mtermediate between them and 
representatives or surviving groups that already existed before them 
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Fig 449 — The Geological Hour-glass 

As set forth by Holmes in The Age of the Barth The Pleistoc^e and Recent praods. 
Since the beginning of the Ice Age, are represented by the thickness of the top line of 
the diagrams 





Pig 40() — ^Remains of ARciiAEOPThRYX Preserved in Shale from 
SOLENHOVEN, BAVARIA 


tesistant structutes such as VertebxateS;, Arthropods, and plants with woody 
fibres. 

The earhest Vertebrates of the rocks are the Devonian OstracodermSi well 
preserved forms, whose structure resembles that of the lampreys That is to 
say, they were fish-hke forms which had not as yet developed paired limbs 
Amphibia, the least specialized fi>r tetrestnal existence abound early m the 
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coal age, appearmg just befoie it begins Reptilian types emerge late m the 
coal measures Mammals are found at the end of the Titassic, and pmm- 
nve birds m the Jurassic peiiod which succeeds it In tne fiist true fisnes 
there were heavj’ “ganoid” scales like tbose of smrgeons and the fins \^exe 
supported by an extended axis coi responding to the shoTl of iiie hinb in u 
land vertebrate Early ganoid fishes like Sau.jp1er>.s hive many point'’ in 
common with the lung fishes 6f today The bones of tl*eii iimbs and the 
structure of their skulls were mtermethate between rhe rorrespondm® p"iits 
of modern fishes on the one h^nd and land ver*-i.bi..>te': on tbc ofht i 


'A 






ty Icvi'th 
{jfplu'f he A 


naii (koaC) 

Fig 451 — Fore Ffui of ExfiNor Horsis 


A, the oldest, lived m the Eocene period B is more recent, and C lived just before die 
Ice Age, and fairly closely resembles our modem horses m structure 


Through the South Afiican Tnassic reptiles (Tkeromorpha) of the Karoo, 
an unbroken senes of forms link up the head, limb girdles, and vertebral 
column of the ancient amphibia known as St^ocepkaJt to the more highly 
specialized structures of the mammals The series Imking the reptiles to the 
birds IS less complete, but there are defimte foreshadowmgs of the avian 
limb structures m the earher Dmosaurs, a fossil order of reptiles One 
missing link, beautifully preserved m the Bavanan shale, has many stnkmg 
r^tihan features (Fig 450) The forelimb has three complete clawed 
di^ts with the normal numbn of phalanges (compare Fig 444). There was 
a long tail like that of a lizard. The skull had teei^ and distmct sutures A 
covering of feathers, however, leaves no doubt about the fact that Archaeop- 
teryx was the authentic early bird. 
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lu lL.z Artruopod series ihc ear’^iest c^asj- to become dominant was the 
e^^anct Palaeozoic and ve.y generalized groi^ps the Tulobites They were 
e-.Kclusi\ aquatic lute ahf* ^ajoi^tv of modem Crasta*.ea Crustacean types 
fust v-merged m the Cambi an Ringed msecis and la.id Arachnids like land 
Ve'^tcbitftes SfS^' appc<i r “oiidai^tiy o ulie coal measoic& A more generalized 
g oup of aqu^t.'c '"A^acLm<l'5 niX "l^xobitC fe'^tuxcb or organization 

(Eu^yptonas') .Jicdy m iie*. 



upi^tn sni? / i r r ouri/Sns 

Fig 


1 he. c^irlicsi u pi osentatr o » of tlit. phylum Arthropoda found m the oldest sedimentary 
locks ait the 1 nlobitcs, a g^ioup winch partake oi the characterisucs ot all the more 
spcuah.<^cd classes wluclx evolved later Ihus they have a smgle pair of feeleis like 
iii>eets, biJQd swimminif Imibs like Crustacea, and no spcciahztd mandibles or bmng 
j iws such as are present m insects and Crustacea but absent m the arachnids T he 
pimciplc ol succession is well illustrated m Trilobites, owmg to the fact that all paits 
of the body ore enclosed m a haid case which leadily leaves its impression on the 
sediment where it lies or becomes fossilized 

The Inlobites were forms with a head bearing hve pairs of appendages 
and a large number of trunk segments All the latter were alike> as m Myna- 
pods* There was one pair of appendages m front of the mouth, and as m 
insects and Mynapods, this pair of appendages was antenmform The 
trunk limbs were all two-branched or btramous^ as are the swimmmg legs of 
most Crustacea, the abdominal limbs of the aquatic Arachnid Limulus and 
the masticatory appendages of insects* All the trunk appendages had basal 
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segments like the masticatory bases (“gnathites”) of the antenor appen- 
dages of Arachmds As m Axachmds, no pair of appendages is exclusively 
subordmated to masticatory activity as are the mandibles of msects. Myriapods 
and Crustacea Thus the Tnlobites agree with Arachmds m havmg no man- 
dibles, with insects and Myriapods m havmg one pair of feelers or antennae, 
nnft with Crustacea m the biramous character of the trunk appendages 
(which are presumably for swimmmg) 

So the piedominant group of the Arthropod phylum at the tune when 
the first representatives of any extant groups make their appearance, was a 
group of species which combme the structural characteristics of all existmg 
groups The preservation of the Tnlobites is so perfect that we know as much 
about the external anatomy of several genera as we do about that of any 
extant representative of the Arthropod phylum The earhest Arachmds 
(Eurypterida') to become predommant aie far more like the Tnlobita than 
are many of the later and now predominant representatives of the same 
Hass The Rmg Card, Limulus, is the sole survivmg representauve of an 
order of Ara chmds closely aUied to and contemporary with the Eurypterids 
An aquatic scorpion Palaeophonus, mtermediate between modem scorpions 
and Euryptends, occurred before the Carboniferous Then came typical 
land Arachmds with remains m the coal measures In the Carboniferous, 
insects are abundant, whereas the Myriapods, which may be looked upon as 
mtermediate m many respects between Tnlobites and Insects, go back to 
much earher rocks 

Just as the earhest Vertebrates and Arthropods were aquatic, the earhest 
land plants were semi-aquatic speaes like ferns and horsetails Extmct 
ferns mdude species which bore seeds and thus bndge the gap between the 
Cycad palms and the earher type of fern which survives m the present day 
Gymnosperms preceded flowering plants, and among the fossil Cycads weie 
speaes with hermaphrodite cones which are not a far cry from cone-hke 
flowers of an archaic type diaractenstic of the modem ornamental genus 
Magnolia 


IHE PRINCIPLE OF DISTSIBUIION 

The pnnaple of succession, which emerged with mcreasmg force as the 
chronological order of the sedimentary rocks was estabhshed, and as their 
fossil rehes were unearthed durmg the first half of the nineteenth century, 
showed that the gaps between the well-defined classes of livmg creatures arc 
filled m by mtermediate forms which hved on this earth m past epochs 
Different speaes of animals and plants have hved at different tunes m the 
past Different speaes of animal and plants hve in different places today. 
The geological record shows that fossil representatives of a group are usually 
more alike, if they belong to the same strata, 1 e they are more alike, if they 
hved about the same time. A correspondmg generalization is broadly tme 
about related speaes which hve m the same get^iaphical region. For instance, 
aU the speaes of the kangaroo family hve in Australia, and all the speaes of 
the Armadillo family hve m South America. 
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The Scoipion faouly provides a good illustration of the feet that geo- 
graphical propmamty is generally assoaated with greater similarity of 
structuie Six families of Scorpions are commonly recognized If we exclude 
the neighbouihood of die Suez Canal and a small part of Morocco, only 
two families, the Scotpiomdae and the Buthtdae^ are represented on the 
African contment Species belonging to both these famili es are also found 
in Asia south of the Himalayas, m Austraha and m Central and South 
America In the remotest part of the African contment, the Cape Peninsula, 
the Scorpiomdae are represented by one genus, Opisthophthalmusy and the 
Buthidae ai.e renresented by three genera, 17? oplectes^ Pardbuthus and Buthus 
Opisthophthalmus and Urophetes do not extend north of the Equator Para- 
buthns extends beyond the Suez mto \iabia, and Buthus ranges over South 
Asia None of these four genera comains species found m Australia or 
America The Cape species of Scorpiomdae belong exclusively to a genus 
which has no representatives north of the Great Lakes The Cape species 
of Buthidae belong to one genus which is exclusively South African, to one 
genus with species m the part of Asia nearest to Africa, to one genus with 
speaes distnbutea throughout South Asia, and to no genera with American 
and Austiahon representatives 

While belief m speaa] creation was prevalent, the only explanation offered 
for the connexion between geographical piopmquity and structural simi- 
laiitv was that animals and plants have been placed by Providence m the 
station of life to which they are best fitted Colomal enterpnse and hom- 
cultme both show that this is not necessarily true At the be ginnin g of the 
mneteenth century there were no lodents m Austiaha, where the rabbit has 
become a proverbial pest A few blackberry seeds transported to New 
Zealand sponsored a blackberry plague which is a serious agncultural 
problem Less than two centuries have elapsed smee commerce with New 
Zealand began Iheie were then no mdigenous mammals on the islands, 
where twenty-five imported speaes are now livmg freely m the wild state 

Exploration and new amemties of transport durmg the impenal expansion 
of the nineteenth century provided new opportumties for exanunmg other 
circumstances assoaated with the fact that related speaes live m restricted 
localities The two most obvious are (a) the ease with which different groups 
of speaes can travel, on accoimt of their locomotory organs or devices for 
seed dispersal, and (h) the physical obstacles which they encounter m spreadmg 
fax afield. In gener^, groups of speaes which can most easily surmount 
bamers of ocean, mountam or desert spread themselves over wider areas 
While bats are cosmopohtan, terrestrial mammals and Amphibia (firogs and 
salamanders) are not foimd on islands separated by a wide stretch of deep 
water from the mainland. 

The great traveller naturalists of the mneteenth century made a close 
study of island faunas, and compared them with the faunas of the nearest 
adjacent land The Animal and plant populations of some islands are made 
up mostly of speaes which also Uve on the nearest adjacent land areas Other 
islands are populated almost exclusively by species which are endemic^ i e. 
are not foimd elsewhere Islands of the iist class are generally near the main- 
land and are not separated fix>m it by a great depth of ocean Islands of the 
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latter class, called oceanic islands, are separated from the mamland by gteat 
depth of 'water. They may be volcamc, and if so have never been connected 
'With the adjacent land area, or they may have remamed scpaictie from it foi 
a long period of geological time The Cape Verde Islands off the west coast 
of North Africa are volcamc islands New Zealand^ which is separated by a 
deep channel from the Austrahan la-id moss, appears to have been scpriateci 
from It m Jurassic times 

The foUowmg tables taken tiom Roiiianes, a contemporary ol Darwm^ 
are stili lepresenfative St Helena, Galapagos Islands and <he Sandwich 
Islands aie typical oceanic islands scpaiaied by a great of water from 

the mainland In glacial times the DntisJr Isles connected the mainlano 
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of Europe The British Isles mclude about a thousand islands large and 
small St Helena is a smgle volcamc rock 

The geological record furnishes one clue to the meaning of this contrast. 
We know that the speaes which now hve m Europe have changed very httle 
smee glaaal times, when the shallow channel between Britain and the mam- 
land was established In other words, many Bntish species are still identical 
with European speaes which already existed when Bntain was still pan of 
the European mainland. The vastly deeper channel which separates New 
Zealand fix>m Australia points to a much longer period of isolation So fewer 
existing Australian speaes are identical with speaes which existed when New 
2^ealand was part of the same land mass. Of 1,040 speaes of New Zealand 
butterflies, 63 are Australian, 24 are cosmopohtan, and the remainmg 
9 I per cent are endemic. 

Colonial expenence furniahea a second due to the peculiar fiiunistic 
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features of oceanic islands Carnivorous mammals such as stoats and ibxes> 
which prey on rabbiis elsewhere^ do not exist m Austraha, Circumstances 
which woulc i cntTibcte to their extinction vu other regions were therefore 
lacking, and they muldpbeca accotdm^ly* Conveisely the miroduction of new 
piea^ioiy speacs 07 colonists lesuiitsd m tue rapid extinction of pre- 
exist 1 ju|> cpecie*., like thp Oodo ^joimaks brought at raie intervab by drifting 
iog:v^cod and seeds dropped by birds can multiply on volcanic jislanck without 
competition fixurn pis^dctoiy spcjcies on the mamiond So they may survive 
m their nev/ sunoimduigSa ;-vhiie their relati/c^ on the nd;aceni mainland 
are making way for oinc* ipeaes 

FamJies (eg Scorpiomdae^ geneially have a nno-rt: widespiead dtSinou- 
tion than the gsii^ra (eg Oi^icthophi-naln.. is) oiiced in thenij and inuude 
species which have been sep^i^ttr loi :? longer pe lod of geological time than 
species placed m a single genius So ^peaes m diderent geneia of the 

same family have usually had 'i longer penoa sprerding far afield than 
speaes placed m the same genus In snort* oil the facts of the geological 
recoid and of geograpLucal distribution point to the same conclusion New 
species are continually appearing and old ones are conuauallf extinct Four 
years before Darwm^s fust book appealed "Wdiaoe summed up the Imown 
facts about distribution m time and space at the conclusion of his paper 
entitled Oa the Law zohtch has Regulated the In.rodticiton of New Species 
every speaes has come mlo existence comcident both m space and time with 
a pre-existing closely alhed species, 

THE THEOR'i OF NAIURAL SELECTION 

Wallace and Darwm, to whose restatement of the matenahst view the 
prestige which evolution now enjoys is largely due, were primarily pre- 
occupied with the panorama of hvmg aeatures disclosed by the great advances 
in exploration durmg the preceding centuiy To the question why do some 
types exist only m one place and others only m a different locahty, their 
answer was that speaes unable to stirvive m competition with others have 
disappeared, makmg way for those more suited to the material conditions 
In other words, the bamers of ocean, currents, mountam ranges, and the 
like, perform the same function as the wire netting or fence by which the 
stock-breeder perpetuates pure vaneties That such pure vaneties arise m 
nature as sports or ^‘'mutations’* which breed true to type when mated tnter se 
was inferred from the experience of the breeder, horticulturahst, and fanaer 
Today it is attested by laboratory experiments under controlled conditions 
desenbed m the next chapter. 

Both Darwm and Wallace evaded the distinction between the separation 
of locally distinct vaneties and species m the Lmnaean sense They seem to 
have assumed that when two varieties are separated by a sufSaently diverse 
assemblage of charaaensnes they become mter-stenle, and constitute distinct 
breeding units. In the hght of closer acquaintance with evolution m the field 
and with mutation m the laboratory we can now see that this assumption was 
gratuitous. True speaes which do not mter-breed and differ very slightly m 
their characteristics may, and often do, occupy the same locahty For m- 
stance, anyone may see several speaes oif the genus Geranium (Herb Robert, 
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etc ) growing together on a Devonshire wall, seveial species of Veroma? 
(speedwell) mixed up in a roadside ditch, or the two species of Woodbine 
(convulvulus) growing intertwined in a hedge m Hercfoid«;hire 

Smee we now know that mutations which arc mter-scerile though fertile 
when mated to the parent stock anse m experimental ciJtures of animah 
and plants, this criticism which was nghtly <*dvancea by some of Darwm’s 
critics need no longer prove an obstacle to the common-sense view that the 
uni ty of type m hvmg creatures, the recoid of the locks and the peculiarities 
of geographical distribution are the outcome of descent from common 
ancestors by the natural process of generation and the contmuous exunction 
of forms w^hich cannot survive the contmually changmg conditions of life on 
earth 

PLANNED ECOLOGY 

The theological temper of the controversy whxch raged when Darwm’s 
views were first pubhshed concentrated attention on die problem of man's 
past The vindication of the scientific oudook, which was the outcome of 
the struggle, was a momentous achievement It is doubtful whether organized 
religion will ever regam the power to obstruct the advance of knowledge 
Today a more important issue which emerges fiom the evolutionary doctnne 
IS the future of man as a guiding and directmg agent m the process 

The evolutionists of Darwm's time emphasized the way m which compe- 
tition between species m large geographical areas aflects thexr distribution 
durmg long periods of geological time The study of smaller and more 
homogeneous units of habitat during shorter penods draws attention to 
their mterdependence Withm any restneted geographical area wc encounter 
well-defined assembhes of species hvmg together m a more or less stable 
pattern, and similar associations may be foimd m widely separated regions 
Beneath the stones of a garden rockery m Manchester or Montreal, m 
Camberwell or m Cape Town we find much the same collection made up of 
local speaes of the same familiar types, such as millipedes, centipedes, beetle 
mites, snails and ground beetles Similar herbs are foxmd m the undergrowth 
of an oak-birch wood m different parts of Britam and are characteristic of 
the same assoaation All the speaes which make up a relatively stable associa- 
tion can be placed m groups which depend for their existence on others 
Unrestneted compeation is only possible between speaes withm a smgle 
group The complete elimination of all speaes m one and the same group 
would brmg disaster to the community as a whole 

A terrestnal life commumty or ecological system such as the population of 
a garden rockery consists of green plants and nitrogen-fixmg soil bacteria 
convertmg the morgamc constituents of the soil and atmosphere into orgamc 
matter, herbivorous animals and fungi hvmg at the expense of hvmg and dead 
plants, carmvorous and parasitic animals hvmg on the remains of both larger 
canuvora and herbivora, putrefymg bacteria and saprophytic fungi hvmg on 
the dead bodies of all these, and mtnfying bacteria convertmg the simple 
organic mtrogen compoimds hberated by putrd&ction into mtrates for the 
use of green plants At any level in this closed cycle of chemical synthesis and 
dismtegration several speaes compete fyt the means of survival, and every 
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species depends for its snivival on the activities of others Without putref5ang 
bacteria the soil i/ould become exhausted, and incapable of sustammg green 
plants Without gi.ecn plants herbivorous animals would die off, and carni- 
vorous species would be deprived of their prey Hence mtelhgent mtervention 
of man as a direcung agent m the evolutionary process demands an mventory 
of all the species with v hich man competes and all the species on whose con- 
Dnued existence his own depends The vast assemblage of classified material 
which me museums of the v/orld ha^e contributed to our present knowledge 
of the evolutionary drama is the neccssar^^ prelude to a planned ecology of 
mankind 

In estabhshmg himself as a world -^ide species man has brought mto 
bemg a world-wnde ecological system With little prevision of his own power 
to direct the future course of evolution While he was naturahzmg the dog, the 
sheep, wheat, the silkworm, the horse, and the potato on all five continents of 
the earth, he took no stock of die picspect whi^ evolution now unfolds The 
vast wastage of natural pow'cr by blind competition between multitudes of 
speaes which arc mdiflerent to human icquirements need not contmue, if 
man nov' apphes his scientific knowledge to a deliberately planned project for 
ehmmatmg species which compete with him for the means of satisfaction, 
conservmg only tho^c which — directly or indirectly — contribute the means 
of food, of shelter, ornament, and a pleasmg prospect 

Extensive social control of productive activities is an essential condition 
The outbtandmg technological problems may be mdicated under four 
mam headmgs Ihe first is how to control the physical agenaes which 
limit the survival and quahty of speaes which subserve human needs The 
second is how to destroy competmg speaes which do not subserve human 
needs The third is how to preserve edible speaes The fourth is how 
to improve the quahty of propitious speaes by selection of smtable varieties 
This wiU be dealt with m the next chapter 

Any ecological system ultimately derives its character from the chemical 
constituents of the soil and such physical conditions as humidity, hght, and 
heat Reference to the chemical constituents has already been made m the last 
chapter The mcreasmg part which the new knowledge plays m the soaal 
practice of mankind is illustrated by the fact that the amount of mtrates used 
m agnculture was trebled between 1903, when the only sources were natural 
deposits, and 1928 when half the world output was prepared synthetically 
from atmospheric mtrogen Durmg the decade endmg m 1926 the world’s 
export trade m phosphates mcreased by 60 per cent The addiuon of potash 
fertihzers has mcreased the monetary gam on atrus trees by ;£30 an acre 
The use of lime and phosphatic fertihzers has opened up a large area of 
200,000 acres of almost desert land m south New Zealand at the cost of £7 
per acre 

Tracts of heathland m Cornwall, where the low moor vegetation is due 
to lack of lime alone, have been made to yield magnificent crops of com, 
seeds, and roots by the addition of sea-sand, which is rich m calatim on 
account of shell fragments Phosphate excess, which has led to failure of 
fnut and root crops m Devon, can be completdy remedied by the apphcation 
of potash. Reference to the preservation of livestock m regions with a low 
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calcium oi lodme soil content has been made in sarhei chapLers Another 
example is bush sickness in New Zealand, a form of anaemia due to iron 
shortage It can be remedied successfully by r‘«dcution of iron to the diet 
Dopmess m sheeps which, hke ncitets ot pig^^ r* u calc^iiHi deficiency disease, 
can be lemedied by an extra calcium ration 

One important general apphcation of chemistry :o homm ecology is 
the enormous exTect on the qoahty of pascurage proauced by nitrogenous and 
phosphate dressmgs The mtrogen requirements and protum content of 
different species of grasses vary consideiably The best and ^?vorst annual 
meat production per acie of pasture m Britain is stated by Stapledon to be 
m the ratio of 1 to 20 By suitable balance of the mmeral constituents of the 
soil we can encourage the multiphcation of good grasses (high piotem cx>n 
tent) at the e^nense of poor speces and the combination of rotational giazmg 
TOth mtrogenous dressmgs is now levolulionizing grass husbandry ELgh 
phosphate content favours the selection of clover at the expense of grass, 
and thus raises the protem content of the hay 

Concermng the physical agencies which lumr the survival of species 
humidity has been mentioned first The last century has seen laige tracts 
m America converted from desert to nch fruit-growmg areas by urigauon 
projects Elsewhere, especially in Britam, draia m g of water-logged areas 
offers considerable prospects for crop production and grazing Of late years 
attention has been paid to the conquest of drought by usmg deep-rooted 
crops, such as lucerne and maize Lord Bledisloe remarks that scientific 
mvestigation m Utah 

m conserving soil moisture by the systematic cultivation of alternating ciops 
of wheat and lucerne, m and areas with an annual rainfall not exceeding six 
mches, and m de-alkalinizmg salt-poisoned land, rendeimg it available tor 
market-garden crops and fruit, has received all too small public recogmtion, 
but It has, nevertheless, taken in conjuncDon with wheat research m Canada, 
contnbuted materially to the giowmg consciousness that the world can con- 
tmue to increase its population at the present rate tor at least another century 
without any nsk of food shortage 

A highly important development m cxinncxion with drought is the discovery 
of ensilage, i e the technique of storing green fodder in a moist condition 
without putrefaction For land reclamation the natural hybrid grass Sparitna 
Tatmsendzt provides an example of biological control It grows rapidly even 
when deeply submerged, collecting tidal silt and thus promoting land 
accretion 

Of temperature and illumination as physical agencies limiting tlic survival 
of speaes we are only begmnmg to gam and apply scientific knowledge* 
Glasshouse protection of food plants has played an mcreasmgly important 
part m food production during the last half century « With the cheapenmg of 
manufactured commodities the cloche S 3 r$tem extended the growing 
season for vegetables, now cultivated by allotment holders for individual use* 
In Scandinavian countries it pays the farmer to instal central-heatmg for pigs, 
thereby reducing the requisite food ration by 20 per cent. Even m the time 
of Ricardo it should have been possible to see how mechanical invention 
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would increase the return on lood production by increasing the available 
sources of heat Lghi. A very recent empirical discovery concerning the 
mhuence of Jie L>^er may n*m oat to have niuch ^dei. epplication iio\t 
thot a scienlific ^ ail?b!e egg produi^tion in fo'v^ Is 

can be sam^litea by exposure the oards to elecmc L^nt culiicicntly to 
make it a coramerciailj paying pioposi.^ou Tms tppears to be Dccause die 
pituiuiiy giards winch secietes a iio.jnon- leguiatog die o^aryj -s refle^y 
acn^ated by Lgiit at the end of tne spectrvrt 

The s 5 rstemaLic dc^tiucaon of spec^ec. lompcie with mnn is an 

essentially new feature ofniman ecology Aaine fom a.^^P 3 ing and hunting 
vermin^ mankind me pjo^i.r’wnmrl d^tp^rs*, r.ii’ch permitted 

moth and rust to coiia^pt, all die ^ysieiiLcttiC study of plaat and tr>i_nal spcctes 
unravelled tlie iite Lustojn.s of the common prracites jiid pescs During the 
last naif century the successful apMhcation tins itiioTrif^dge to tne elimination 
of speciejs* which parasitize c. devoizi c^ops^ h^/33tcc*.-^, plants^ or 

human bemgu themselves^ provides many *>piCLrcui-u nil of the 

social importance of a complete vnvontoij oa Saiecuve 

eluniDatton of species can be accomplished b r ^ luedm* s of w’l-ch the 
most imporum^ are icgulation of the a i jc-nu^ uOgicgation^ 

specific poisojLS^ and hypcrp?rasiti^aPon 

The hi'A depends on the fact that pli3»^sicai concui^ions - jp^ctes rr.ore 
or less resistant t'* attack For mstancej the rus- fungas wnich infests holly- 
hock giown m potassium defiiaent soils does not readily estebusb itself if 
a dressmg is added to fhe soil Mimro has lecenpy mvestigaced the 
destruction of forest trees in New Zealand by wood wasps The real diet 
of the wood wasp, like that of some other insects which appear to Uve on 
wood, IS the fimgi which infest it Such fungi do not flourish in the trunk 
of trees unless they grow m water logged soil So draining the soi! depnves the 
wood wasp of Its means of existence 

Under the term segregation we may mclude the simple appheation of 
prease knowledge of the life histones of parasites Many parasites are 
heteroeaous^ i e, they spend part of their life cycle m the body of one host 
species and the remamder m another For mstance, the micro-orgamsms 
which are xesponsible for malana and yellow fever alternately infect the 
mosquito and man The micro-organism which produces sleepmg sickness 
(trypanosomiasis) alternates between man (or cattle) and the Tsc-tse fly 
The parasme flat worm (liver fluke) which produces hver rot m sheep breeds 
one generation m the kidney of the pond snail The pork tapeworm, as iis 
name suggests is transmuted to man by eating the flesh of the pig The thread- 
worm Ftlana^ which is responsible for the dread tropical disease called ele- 
phantiasis^ starts its life m a mosquito The bacillus of bubomc plague is 
earned by the flea to rodents or human bemgs which it bites 

When the life history of a heteroeaous parasite is fully known the means 
of exterminatmg it can often be accomphshed by segregation of the mter- 
mediate host. For instance, drammg marshy land keeps down mosquitoes 
and pond snails, hence restnetmg Ae ravages of malana, yellow fever, or 
hver rot Some parasitic plants have different hosts at different stages of a 
single life cycle One of the wheat rusts is heteroecious It spends part of its 
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hfe-cycle as a parasite on the barberry By removing the mtermediate host 
from wheat-growmg areas, a pohcy adopted extensively m Acrenca, the dangei 
of infection is practically stamped out In North Oai'ota this has resulted 
m the savmg of eighteen milhon bushels m ten years 

A fatal disease of poultry known as gapes is due co a nenatode which 
normally infests turkeys and does not seem to do them much harm By 
keepmg poultry away from turkeys the danger of contracting the disease is 
enormously reduced The menace of the clover seed midge has been elimi- 
nated by cuttmg the first hay crop ten days earher, thereby preventing the 
msect from completing its growth The com borer and the cotton boll- weevil, 
which was responsible for a loss of 500,000,000 dollars m the Umted States 
durmg 1921, could be stamped out if the dead siems were not allowed to 
stand durmg wmter In Texas, with the co-operation of a population of 
160,000 persons and the destruenon of 40,000 summcr-frmtmg trees with 
the consent of their owners, who were m many cases not personally affected, 
the Mexican fruit-fly pest of citrus has been eradicated Thus was achieved by 
doing away with all other fruit growmg m atrus areas and restnetmg the 
firuit-beanng period of the citrus trees, so that the msect cannot survive the 
period between successive fiuitmg seasons 

The ehmmation of harmful speaes by chemical control is illustrated in 
the latter part of the followmg passage from £md Charles^ book. The Twilight 
of Pcarenthood 

We are only beginning to reahze the magmtude of wasted eif^ >i t which arises 
from witless competition between man and those organisms which are described 
as weeds, pests, or parasites Tentative estimates of the total losses which agri- 
culture sustains from the last two have yielded a figure of the order ot "2 j per 
cent Such a figure based on destruction of crops and stock by known pests and 
parasites probably represents a small fraction of the total loss meurred, partly 
because it is based upon the damage done by specific agencies such as potato 
virus or wheat rust rather than non-specific agencies such as wireworms or 
slugs, and also because the loss through destruction of crop and slock may be 
small compared with the reduction of quality m what is not destroyed, a fact 
which has been brought out especially m connexion with apple diseases 
Although the effect of the common plant bug, knovm as the leaf-hopper, on 
pasture quality cannot be detected by the naked eye. Professor Osborn has 
shown that when leaf-hoppers are excluded two cows can be kept wheie 
there was barely enough for one A few illustrative data concemmg losses may 
be cited The desmiction of wheat by rusts and of potatoes by virus amounts 
to between 10 per cent and 20 per cent of world producuon These two diseases 
constitute a sinall part of the losses which wheat and potatoes suffer on account 
of parasites and pests In addiaon to rusts wheat is attacked by a number of 
specific orgamsms such as the Hessian fly, a gall imdge, another Dxpteran 
Oscinusfnt^ and the gall thread -worm, Tylenchm It is attacked by several non- 
specific orgamsms such as the com-borer, and large losses to the stored gram 
are sustained through the ravages of weevils The potato is attacked by two 
fatal fungus diseases, potato blight and wart disease, the former of which 
was the source of the Irish potato famine of 1843-47. Several msccts specifically 
attack the potato, the Colorado beetle in Amenca and the tuber-moth m this 
country bemg the most Important. In some years a third of the beet crop of 
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France has been destroyed by the gall thread-worm Hetaiodera alone Beet 5 
agam^ has several specific diseases The Economic Advisory Council estimates 
that durmg the last five yeais locusts have deprived mankmd of the fruits of 
five and a half milhon workmg days per annum The known yearly losses due 
to msects m the British Empire would feed the entire population of England 
and Wales In 1916 the known loss of ciops due to msect ravages m the Umted 
Slates represented a total eqmvalent to a contribution of one dollar per head 
of the world's enure population An even moie impressive picture of the forfeit 
man pays m unscientific competition with othei species may be obtamed by 
considermg the gams resultmg when he apphes science to their mastery There 
are five fairly common fungus parasites of the apple canker (Nearta galhgend)^ 
scan (Venturia inequahs)^ mildew (Podiospnaera leucotiichd)^ brown rot (^Sclero^ 
tvma fiuctige7i<i)y and blossom wilt {Sclerotima cinerea) Of the common msect 
parasites may be menuoned Blue bug (Anuraphis)^ w^ooUy aphis (Eriosoma), 
apple sucker (Psylla)^ Capsid bug (Plesiocoris), apple blossom weevil (Antho- 
noma)^ codhng moth (Cydia), and apple sawfly (Hoplocarpa) Considermg two 
of these alone^ three years' trials at Wisbech ^vitli spiaymg agamst Capsid bug 
and scab consistently m each case mcreased the yield over 100 per cent The 
new method of growmg apples as cordons or espaliers m low hedge formation 
has the double advantage of mcreasmg fruitage at the expense of vegetative 
growth and facihtatmg monthly spraymg which guarantees immunity agamst 
all the parasites mentioned above The use of msecticides and fungicides 

IS not the hit-and-miss method which some people imagme it to be Intensive 
researches m applied toxicology have been directed to the discovery of highly 
specific poisons which kill m)unous orgamsms in quantities that do not harm 
non-mjunous ones The fungus diseases of potato (bhght and wart) can both 
be controlled by spraymg with a toxic preparation Two insect paiasites, the 
bean beetle and black fly, and an acarme which attack beans, the msect para- 
sites of cabbages, carrots, omons, turnips, beet, peas, and potatoes, can now be 
controlled by spraymg of the shoot or soil fumigauon Longley m 1930 collected 
data from nmety-six apple-growers m Nova Scoua to determme the influence 
of spraymg and dustmg on yield The icsults demonstrate a clear increase m 
3 neld correspondmg to an mcreased amoimr of spiay Tins holds good with 
shght fluctuations fiom an expenditure of two dollars per acre with an average 
producuon of 16 2 barrels to an expenditure of 24 dollars per acre yieldmg 
an average production of 86 barrels 

The method of hyperparasiuzauon is referred to m the foUowmg atauon 
from the same source 

Experts differ concemmg its possibihties Its importance hes m the fact that 
when It is successful the cost is utterly negligible compared "with the results 
achieved Just as the farmer keeps the ferret to check the growth of rodents, the 
State breed specific parasites to destroy animals which attack crops or pests 
Among notable successes which have been claimed for this method is the 
destruction of wooUy aphis by the msect parasite Aphelmus mah The earhest 
successful experiment m biological control was the introduction of the pre- 
datory ladybird, "Vedalia cardinalts^ to keep down the scale msect, Icerya 
puTchetsty which attacks orange and lemon groves The citrus mealybug has also 
been brought under control by the mtroduction of the coccmelhd Cryptolaemus, 
for the breedmg of which there are thirteen insectaries m the infested districts 
of Califormai. An attempt is now bemg made to control the pink boll-worm m 
JBgypt by the mtroduction of a Hymenopteran parasite, Mtcrobracon Ktrk^ 

2B* 
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patncki, at an expense of £1,000 If it succeeds the estimatea tidving v/di bo 
£6,000,000 For some twenty-five years past the commercial grov/mg ol cocoa- 
nut on one of the two large islands of the Fiji group uas been mads ’mposs'blc 
by ravages of a smnll Zygaenid moth About seven yeais ago tius moth 
threatened to mvade the adjoining islands Such an extension wou' J ii^v** com- 
pletely rumed the staple mdustry of the group, if imcheckcd Tins v/ouid 
have oni-aiipti a loss of £400,000 per annum By the maoducaon of a 1 cchinzd 
fly which parasitizes the cocoanut Zygaemd m MLalaya the F»j> pest Vt^as so 
completely controlled that m three yeais’ time the modi had become quite a 
rarity The cost of this work was appiommately £12,000 The late Mr Ficdeiicl’ 
Muir estimated that his mtroduction of the Tachmia paiasite of the weavii, 
borer of sugar-cane mto the Hawauan Islands saved the caae-gioweis about 
a milhon pounds a year He spent three years m seaichung toi liic parasite^ 
eventually got from New Gumea The total cost of the work was about £10,000 

Essentially gimilar to hyperparasitizaoon is a new method of weed contiol 
This depends on discovering an insect larva for which the weed is a iavouiite 
food plant “In New Zealand,” sa 3 rs Dr. Chailes, 

scientific knowledge has now mtroduced the emnabar niuth to stamp oui 
the ubiqmtous ragwort This weed, which has been rapidly mvaaing greatu 
areas of the daicy lands of the Dommions, is doubly disastrous bec.iuse it lead') 
to hepatic cirrhosis of cattle and horses Two other exotic msec's, Abion 
tdtas and Anthokm vannertns, have also been mtroduced to stamp out goise 
and pmpin, the bane of the New Zealand farmer At the Imperial Entomo- 
logical Conference m 1930, Dr Nicholson reported that an area as kirgc as 
Great Bntam now infested with pnckly pear is bemg cleared m Ausualta by the 
mtroduction of the Pyrahd moth, Cactoblams cactonm. 

Besides these methods of eJiminating species which compete with man, 
the application of scientific knowledge to the production of reststant vancues 
IS also important This will be dealt with m the nest chapter. When we 
reflect on the vast apparatus of choiucal and aenal warfare which human 
ingenmty has elaborated during the past century, it is also salutary to recall 
the faa that many of the weapons devised for s^-destrucuon can be apphed 
to the conquest of man’s natural enemies, if mankmd deadcs to replace 
witless competition by the social enterprise of creative evolution. When we are 
at times tempted to blame the mventions of natural saeuce for lack of adven- 
turous mventiveness m social affiurs, we should place beside accounts of the 
horrors of modem war&re the foUowmg picture from a recent book on insect 
control. 

As we fly over the orange groves in the gathering dusk we see here and there 
squads of men erecting tents over the trees Our guide tells us that these tents 
will be used during the night for gassmg s(.ale insects that are attadung the 
orange trees More than $2,000,000 is spent each year m applying poiscm gas 
for the control of the scale insects 



CHArTER XXI 


ECOLOGY OF HUMAN LIFE 


Evolui rOi<J a oTOiC.'s a new horuon of human destmy Man has it m his power 
to ome an acli “ and mielhgent direcave agent m the evolutionary process, 
ubing cus Ttiowiedge of the diversity of hving creatures to deade which are 
essential Lo Ins own welfare as objects of use oi ol aesthetic satisfaction, and 
usn.® his knovv ledge of the properties of Lving matter to adjust the environ- 
ment of the speaes be chooses as membeis of a rationally planned ecological 
system The oiotechmcalfutureofmahkmdisnotlimitedtothesetwothemes 
We dso have it m oui powci to set about creaung new types of or ganisms 
— and perhaps idtimateiy of guidmg the further evolution of the unborn 
capacities of our own speaes 

Within rertam nanow limits man has been domg this m a blundenng, 
wasteful and necessaiily pron acted way throughout the whole history of 
nvih^ation Pedigree records of domesticated animals go back as early as 
the cultures of Mesopotamia (Fig 391) and, from time to time, more or less 
systematic efforts at improvement of breeds have been undertaken This 
happened notably m England durmg the eighteenth century, when the 
mirodnction of root crops had made it possible to keep more cattle ahve m 
wmtei, hence discouragmg the extensive use of veal, while creatmg a wider 
demand for fresh meat of good quality Although success which crowned 
efforts to improve the vanous breeds of sheep and oxen had no direct mflu- 
ence on a saenufic understandmg of animal breeding, its mdirect effect was 
enormous It acted as a powerful stimulus to the new venture of plant 
hybridization which had begun as soon as the existence of sex m plants was 
correctly imderstood (see pp 824-6) 

Of the be ginning s of the human ecological system we know very httle, and 
It is an arrogant pretence to speak of a biological interpretation of man’s 
history while our knowledge is so shght Overshadowed by the me chani ca l 
technology of the age, nmeteenth-century archaeology paid a disproportionate 
attention to the vaneties of tools associated with early human remams 
Twentieth-century research is now occupied m re-castmg the model of 
cultural progress which the mneteenth century constructed Mmor improve- 
ments of tool construction which have been used as the hallmark of vanous 
stages m prehistory are neghgibly important compared with the several 
steps in the acquisition of a biotechnology which lasted with very little change 
from the dawn of history till the eighteenth century of our era Prumtive 
cultures ate essentially self-sufficient, and, as sudi, moulded pre-emmently 
by the atiimflls and plants available for food, raiment, drugs, dyes, struc- 
tural materials, and defence against invasion These several constituents of 
man’s ecologic^ system supply the primary impetus to an evolvmg culture. 
Thus the absence of available ungulates as beasts of burden, or of mdigenous 
cereals, imphes the absence of a decisive stimulus to medh anic a l ingenuity 
e.g wheel design) or to a highly developed calendncal practice. The abun- 
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dance of a narcotic plant or of particular species of parasites or of cereals 
(e g maize) deficient m vitamm content may act as an effective obstacle to 
sustained progress of any kmd 

We still know nothing about how Palaeohthic man hii on the custom of 
scattermg gram Thanks to the work which is now bcmg encouraged m the 
Soviet UmoUs we are begmnmg to know something about the distnbution 
of various species of ceieals in the dawn of civihzaticn and their relation to 
the mdigenous culture of the seed-scattermg ‘^Neohthic” socieues The 
outstandmg fact about the entry of animals mto the ecological system of man 
is that man and the dog are umversally distributed togethei, even in regions 
as far apart as Greenland and New Zealand The association of man and 
the dog m the earhest cave drawmgSj the existence of the dog m Australia 
where man and the dog are certainly jomt interlopers on a contment cut off 
from the mainland before placental mammals reached it, the existence of dog 
remams of considerable antiquity m the Queensland caves, and a vanety 
of other evidence suggest that the disposition of the dog is hardly less decisive 
than the disposition of man as an agency in the evolution of the human 
ecological system 

A companson of the Avebury dog, the Australian dmgo, and the Eskimo 
type suggests that the earhest associate of the dog tribe was somethmg like 
the Javanese chow, and that this type followed man round the world, breedmg 
with other local species like the wolf and the jackal, which are still apparendy 
mterfertile, though commonly distmguished as Lmnaean species Various 
species of wild dog are addicted to hangmg round human dwellings as 
scavengers, and the beginning of the animal associauon m the stage when 
man was a food-gathermg creature was probably accidental The dog as 
scavenger and unofficial dustman to the kitchen middens of Palaeolithic 
man paruapated m, and perhaps encouraged, the habit of huntmg other 
beasts Where there were mdigenous and gregarious ungulates like sheep 
or cattle, the dog would round them up, keepmg them metaphorically in cold 
storage, so that there was no longer need for huntmg far afield Imper- 
ceptibly man would pass from a shell gatherer to a hunter, and from a hunter 
to a herdsman by virtue of this fortuitous association 

At each stage, the fate of culture would rest on the species of wild animals 
and plants m his immediate neighbourhood Once man had blundered mto 
the associations which led to the use of other ammals as steeds, sources of 
meat, milk, fur, and so forth, the several types of assoaation acqmred the 
character of an orderly routme regulated by tradition Thi s tradition was 
oral It progressed without any spectacular changes from the begmnmgs of 
settled calendncal culture, and remamed outside the urban cultivation of 
scientific knowledge till commercial seed production dunng the past three 
centuries provided the impetus to rational, dehberate, and s}rstematic pro- 
duction of new speaes propitious to human needs 


PRE-MENDELIAN HYBRIDISTS 

There is an admirable survey of the efforts which followed Fairchild^s 
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Hybridization Before Mendel By the middle of the nineteenth century there 
had been enough progress to compel the recognition of certam common 
features of hybrid crosses, and to encourage the search for theoretical know- 
ledge to guide the practice of the seedsman and the nurseryman As yet the 
horticulturahst had no certain recipe for fixing a new hybrid type without 
recourse to the traditional methods of natural or artificial vegetative propaga- 
tion The work of Kmghl (p 814) shows how the new knowledge of polhnation 
had made it possible to create new varieties for the herbaceous border, the 
kitchen garden or the orchard Once cieated the new varieties could be 
propagated by cuttmgs (roses), by graftmg them on to parent stock (roses, 
apples, cherries) or by runners (stiawbeiries) Such hybnds could not per- 
petuate themselves by seed^ and nian 3 ’ of our choice fruit trees and ornamental 
plants keep their characterisucs only because they are never propagated by 
sexual generation 

It was clearly recognized that stable seed vaneties may turn up m later gene- 
rations of hybrid plants What w^as lackiAig w as knowledge of how lo achieve 
this result Malcolm’s seed catalogue of 1771 refers to seventeen fixed varieties 
of kitchen peas, and experiments with pea hybrids led Kmght to an obseiva- 
tion which was ultimately destmed to echpsc his many piactical achievements 
m the improvement of suawbemes, currants, grapes^ and fruit trees His 
reasons for selectmg the pea are given m his own words 

None appeared so well adapted to answer my purpose as the common pea, 
not only because I could obtain many varieties of the plant of different forms, 
sizes, and colours, but also because the structure of the blossoms, by pre- 
venting the mgress of msccts and adventitious fauna, has rendered its varieties 
remarkably permanent 

Kmght’s experiments contmued for ihirty-six yeais, from 1787 to 1823 
His general method was to pluck off the stamens of all the flowers of a plant 
and dust on the stigmas pollen from flowers of another plant In selectmg 
the pea for his major mquines he had more good fortune than he could have 
anticipated Perhaps because the pea is valued for its seed, the prmcipal 
available varieties of the pea included many which were distmgmshed by 
conspicuous charactenstics afifcctmg the seed, such as shape — ^round, 
wrinkled, etc — or colour — ^white, grey, blue, green, and yellow Kmght 
found that when individuals of two pure strams, e g a white seeded and a 
grey seeded variety, are crossed by the method stated above, the seeds pro- 
duced are uniform^ generally like those of one — ^the dormnant — ^parent rather 
than the other — ^the recessive (p 976) The same results are obtamed m 
reaprocal crosses Thus if pollen of a white-seeded variety is used to fertilize 
ovules of a grey-seeded vaiiety, the seeds produced by the maternal parent 
are all grey, as they also are if pollen from a grey-seeded variety is used to 
fertilize ovules of a white-seeded variety When he raised these hybrid 
plants and tested the effect of polhnatmg flowers of one hybrid plant with 
pollen from another of the same generation, Bhught found that most 
pods produced seeds of two kinds — ^hke one (e g white) or the other 
parent (eg* grey) of the origmal cross A few pods contamed seeds of 
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one kind only, being exclusively like either one or the other 7-^aieni of cLe 
original cross 

Of Itself Knight’s discovery of the ‘‘sphttmg of hybrids " cLa nci. 
the problem of fixmg a new combination of vanciy cnar!?ctc^i ucs ir v/as 
followed by several mvestigations of the same naoire otLe^ hortscui- 
turahsts, notably m England by Herbert, Goss, and La::».ton, ^/bo aV wois.\.Qa 
with peas obtamed similar results In 1820 Goss drew attention to the 
feet that the recessive type (e g white-seeded variety m the previous ci ruiipic) 
obtamed by mtercrossmg the hybrids was just as pure as the recessive 

parent of the hybnd It perpetuated its kmd, umformly uue to type, when 
self-femhzed or polhnated by its own kmd Laxton, whose wotk \<^as pt b- 
hshed by the Horticultural Society m 1872, took the cnqmry a step farrher 
by recordmg crosses mvolvmg several chaiactenstics, observed the possi- 
bdity of fixmg parucular combmations, and gave rough eriuiiaccs of the 
numerical proportions of the several t3pes 

A widespread mterest m the technique of hybridrzation nt tnis ume is 
emphasized by the rewards which were offered for the prosecution of smulai 
researches m France and m Germany In 1861 the Pans Academy oficred 
the grand prize m the physical sciences for the study of plant hvbnds, m- 
cludmg among various other issues the question *‘Do hybrids whic h j < produce 
themselves by their own fecundation sometimes preserve invariable characters 
for several generations, and are they able to become the types of constant 
races?” Previously m 1819 and 1822 the Royal Prussian Academy had set 
the prize question, ^‘Does hybrid fertilization occur m the plant kingdom 
In 1830 the Dutch Academy of Haarlem propounded the riddle in the words 

What does experience teach r^ardix^ the production of new species and 
varieties through the artificial fertilization of flowers of the one with the pollen 
of the other, and what economic and ornamental plants can be produced and 
multiphed m this way? 

The prize offer renewed a second time m 1830 was taken up b\ Gartner, who 
received the award m 1837, earned out numerous crosses with garden plants, 
and a very extensive enquiry mto hybnd peas on the hnes of previous work 
by Kmght and Goss He also worked with maize, and the large number of 
seeds produced by vaneties of this speaes permitted him to recognize con- 
stant ratios of the several types more dearly than did Laxton m his later 
work on peas 

Of those who contnbuted solutions to these pubhc compeutions Naudm 
IS specially noteworthy for the report presented to the Pans Academy m 
1864 Naudm, like Gartner, made crosses with several plant speaes, observed 
phenomena essentially on the same Imes as those recorded by Kmght, Goss, 
and Laxton, and proceeded ferther towards constructing a hypothesis to 
gmde further research and practice Naudm’s theoretical condusions, which 
he devised no new ^qicrunents to test, mdude two significant statements. In 
his own words these are: 

(i) That which is produced is never more an amalgamation of forms 
already existing in the parent types. The hybnd is a composition of borrowed 
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pieces 3 p SOI t of living mosaic of which each piece, discernible or not, is ascribable 
to one or the other of the producing species 

(li; Ail uiese facts are naturally e’^lamed by the disjunction of the two 
specific e^tsefbccs m the pollen and the ovules of the hybrid The dis- 
junction place in ine antner and in the contents of the ovary Some 

of liie of pollen belong totally to the species of the father and others to 

speciS'^j of ibe notner 


IHE OF miLunli4!siCS 

At a vety snort clep from the conclusions estabhsned by Goss, Gartner, 
jx.d J^lcudm ro those which were pubnshed (1866) by the Abbe 
Me .''del in tn. Ausuian hortzcultu^cd journal two yeais after Naudin’s memoir 
Meitdebi speaal coat- ibucion to brjDg ins results — themselves essen- 

tially identicil ^'Vith those of Goss and Lasion — ^mto relation with the atomistic 
Vie /hich were providing an immensely fruitful basis of theoretical know- 
ledge fci the technique of chemical manufacture Lilte the particulate 
doctrine of modera chcmisti^ the theory which was to provide — ^in a new 
soc-'a^ couUxt — sati-siactoxy guidance for biological manufacture rests on 
two e^pe^u^^cULdl genoi alujations In chemistry it was first necessary to estab- 
lish »he Lw of the conaervation of matter, which gamed ground thiough the 
discovery that air hrs weight and that matter m the third state exists m 
many varieties Then it was necessaiy to recognize the law of constant 
numencal proportions, and the several laws of combination by weight and 
volurae In genetics, the saence of plant and animal breedmg, analogous 
prmciplcb hold 

What we may call the law of conservattan of genetic materials is imphed 
in the fact first clearly lecogmzed by Goss When hybrid offsprmg of the 
same parents of pure descent are crossed with one another, it is always 
possible to reclaim from their progeny mdividuals which breed true to the 
parental type If the parents differ m several charactenstics, these are com- 
bmed m various ways m the second hybnd generation, and smee some of 
the individuals showmg each combmation are capable of breedmg true 
to type, new combmations of variety characteristics can be fixed The 
particulate theory of inheritance first advanced by Mendel shows how this 
can be done 

What we may call the law of constant proportions and the several laws 
of combmation which govern mter-crossmg hybrids and back-crossmg 
them to their parents was loosely recognized by Gartner and Laxton None 
the less, it is only fair to Mendel to recognize the very special care he took 
to establish the numencal constancy of the vanous classes of progeny When 
the parents differed with respect to a single characteristic, he found that mter- 
crossmg or self-femlization of the first hybnd generation (often denoted F 1, 
which stands for ^^first filial”) gave dominants and recessives m the ratio 
3 1 When the hybnds were crossed back to the recessive parents equal 

numbers of dommants and recessives turned up The foUowmg table shows 
some of the results Mendel got by crossmg F 1 hybnds of vanous matmgs 
inter se. 



976 


Science for the Citizen 

MENDEL’S DATA 


Structure 

Property 

Dominant 

IvC^CCSSJVG 

Ravo m F 2 

Seed 

Form 

5,474 lound 

1,850 wrmlded 

2 96 1 

Reserve material m Coty- 
ledons 

Colour 

6,022 yellow 

2^001 gieen 

3 01 1 

Seed-Coats 

Form 

822 inflated 

299 wrinkled 

2 95 1 

Seed-Coats 

Colour 

705 grey 

224 wmte 

3 15 1 

Unnpe Pods 

Colour 

428 green 

152 yellow 

2 82 1 

Flowers 

Position 

651 axial 

207 termmal 

1 14 1 

Stem 

Length 

787 tall 

277 av,SLvf 

2 84 1 



1 i,889 

6,010 

2 98 1 
or 3 1 


There is no thin g sacred about these nurabers The important thing is not 
the actual ratio he obtamed, bui the fact that what he did obtam could be 
repeated by anyone else Here are some results which other workers have got 



Yellow 

Green 

iotal 


Number 

Per cent 

Number 

Per cent 

Mendel, 1866 

6,022 

76 06 


24 95 

8,023 

Correns, 1900 

1,394 

76 47 

453 

24 63 

1,847 

Tschennak, 1900 

3,680 

76 06 

1,190 

24 95 

4,770 

Hurst, 1904 

1,310 

74 64 

445 

26 30 

1,765 

Bateson, 1905 

11,902 

75 30 

3,003 

24 70 

15,806 

Lock, 1905 

1,438 

73 67 

614 

26 33 

1,952 

Darbishirc, 1909 

109,090 


36,186 

24 01 

145,2^6 

Totals 

134,736 

j 

76 09 

44,692 

24 91 

179,399 


Mendel realized more clearly than his contemporaries that this numerical 
constancy is the clue to a correct understanding of what happens when 
different strams are crossed, and he did not let the subsidiary issue of domi- 
nance — ^1 e the fact that hybnds often resemble one parent to the exclusion 
of the other — distract his attention from what wc now know to be the universal 
feature of hybrid experiments Dominance is not a umversal phenomenon 
For mstance, if we cross individuals from pure stocks of the red and white 
varieties of the flowermg plant popularly known as four d* clocks or botamcally 
as Mtrabtlts jalapa^ the tesvltm^ first filial (F 1) generation bear only pink 
flowers If these F 1 hybnds are selfed or crossed inter se^ the resultmg 
second filial (F 2) generation is composed of redsj> pinks, and whites, m the 
proportion 12 1 This would correspond to the 3 . 1 ration if thehybnd 

types were similar to one or the other type of pure parent 

In crosses between white and black strams of the Andalusian fowl the F 1 
mdividual produced by crossing black and flashed white birds is blue* Conse- 
quently the m a t i ng of Blue Andalusian fowls results m producing black and 
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white offspring So if we wish to obtain blue individuals it is more profitable 
to mate blacks with whites, giving a hybrid generation of blues only The effect 
of crossmg the blue hybrids among themselves is to raise a progeny of blacks, 
blues, and whites m the ratio of 1 2 1 In this example the hybrid is 
half way between the parental pure-bred types The inheritance of the white 
colour of Leghorn fowls illustrates what may be called mcomplete dominance 
If a white Leghorn mated with an mdividual of a coloured stram, the hybrid 
mdividuals are white with a few coloured tail feathers Careful measurement 
of characteristics which can be assessed by numerical standards shows that 
dominance is never absolutely complete 

However close the resemblance between the hybrid offsprmg of pure stocks 
and one or other of the parental types^ the hereditary materials remam dis- 
tmci and recombme to produce pure parental types agam m the F 2 genera- 
tion Although we still know very htde about tne physical nature of dominance, 
analogy can help us to appreciate the issue m its true perspective Sodium 
and potassium yield colourless salts with most common acids, but the per- 
manganates of both are purple m solution The salts of copper are generally 
of a bluish or greemsh tmt m solution In one case the negative, m the other 
the positive ion is the dominant agent determining the physical property of 
colour In other respects the other component behaves m any reaction with its 
characteristic efficacy, although its presence is seemmgly masked So m the 
process of hereditary transmission the recessive factor letams its existence 
mdependently of the dominant factor Dominance is only a matter which 
concerns their bodily eispression 

One of his experiments m which a vanety of pea having a dwarf shoot, 
from a stock breeding true to this feature, was crossed with an mdividual 
from another vanety charactenzed by tall shoot, likewise of pure pedigree, 
may be taken to illustrate MendePs h 3 ^othesis When pollen from flowers 
of the one is transferred to the stigma of the other, the same result always 
occurs Every seed produced m consequence of such a umon gives nse to a 
taU plant, whichever way the cross is made with respect to the sex of the 
parents If these seeds are allowed to germinate and grow mto plants, the 
results of self-fertilizmg the flowers of the hybnds, or, alternatively, crossmg 
them with other FJ plants, is entirely different from the effect of crossmg 
two of the parental pedigree tall plants Instead of obtaining only taU plants 
true to type, it is found that three-quarters of the seed produced (F 2 genera- 
tion) give nse to tall plants, but one-quarter to dwarfs like one of the ongmal 
parents Further breedmg shows that two-thirds of the F 2 tall mdividuals 
breed m the same way, throwmg dwarfs m the same ratio The remamder 
breed true to type like the ongmal tall parent when self-fertilized, as do the 
dwarfs of the F 2 generation When self-femlized, or crossed mter se^ the F 2 
dwarf plants have only dwarf offspring 

To mterpret these observations we must first recognize that the hereditary 
constitution of the taU mdividual m the F 1 generation differs from that of 
the tall parents, masmuch as it is capable of givmg rise to dwarf offsprmg 
It differs presumably n produemg gametes which contam some particle 
(without dtecussing its r ature, Mendel called it a factor) responsible for the 
production of the dwarf condition We notice too that the proportions of pure 
tall and pure dwarf plants are identical m the F 2 generation That is to say. 
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one-quarter have the factor for tallness only and one-qaprte:: tii.e fj»ctor foi 
dwarfhess only, so thac neither of tlie eame»t:s froii n 2 nd]L(/idMcl 

either type originates contains the alternate fac^Ai r aioO m 
mind that the FI ►jU plant*^ l>^have m :: they gf * 

the factor foi dwaifness ftoir the iLUt-eriul nj paie-^nr! (m daeuvi^e 01 

pollen gram) Mendel drew che conclusion ihc.t eacn F 1 tall rpiaiit p^^uduces 
m equal quantities gamelec bearmg die tail and factoa-s ies)^scliv eij,— 

but never bolh^ and tested ihe possiuihty' tLCi. the^e is an e<rui «jr 

any pollen gram femliymg an or^^le ^nth the i cto/r oi jc^CiCi aliern ^ 
tive to that which it contain-. 

It then tollons that tiic nusTAibe'’ ol cjs ^^^oJ^icect in F li: gencA' 

uon coxitaintJig both fa^’tors lo the laLl tire c^'vClI \"nduicus oe 
the numbe* cents uuig oni> the tall or o Aj Xe facmi For, 1* wu icpre- 
sent the iacioi for lalinec-- hy T s-L»d that for dvv •tiuoS b3^ t., 1 may fe^tih 7 e 
T OT t, givmg IT Of and ^ may f o* tT oi it 

ot course, bcaslies the conditiops, and as «u rd<-quale accouof 01 the f-cis 
fai Such was the hypothesis Mmdel piope* ed (Fi^ ^ Characters distui- 
gmshmg different hereditar}^ siriins v^cre scx^posed to upoi separate 

particles (or factors) present in aupliCw''lc lU aJl tnc ceJ^a o. die lx>dy xiese 
particles are what die body inheiits from its pascal .3 The lucii hei^ of ejcli 
pair segregate m the formation of the gametes, su that ci-c l\Cl contain the 
paternal and one-half the maternal factor 

The truth of the paiuculaie hypothesis must stand or f«iJ, other scien- 
tific hypotheses, with its capaaty to piovide a correct retipc foi conduct 
Reapes which can easily be tested out are exemplified by crossmg back the 
FJ impure tall plants with (a) the pure taU parents, and (b) the dwaif plai‘ts — 
which aie all pure, Usmg letters to denote the hereditary particles at work, 
the pure breedmg tall plants and dwarfs have the constitution 11 \ tt on the 
hypothesis outimed, since their character depends on factors iiihenied from 
both parents: the impure plants F 1 have the constitution rt or /T, By 
crossmg Tt with TT we should get two types of olTsprmg TT and Tt, equal 
numbeis of pure and impure tall plants Also by crossmg 1 1 with fi we gel 
two types of offspring Tt and tt, equal numbers of impure tall and pure 
dwarf Mendel was not a Biinsh economist He was a saentihc worker, 
senously concerned with getting somethmg done for horticulture. So he 
tested and verified these and other implications He was thus led to this con- 
clusion Hereditable difierences are dependent upon separate particles derived 
fi'om both parents, remammg distmct throughout the entire hfe-cyde, and 
finally separatmg m the formation of the gametes, so that with respect to 
any smgle pair of them one-half of the gametes contam the particle denved 
from one parent and the other half contam the particle contributed by the 
alternate parent. This is Mendel’s law of genetic segregation. 

For the sake of convemence we may here mtroduce some necessary techmeal 
terms. An mdividual which like the ‘%npure” F.l tall plants receives dis- 
smular fectors from its parents is said to be ^ azygom in respect of 
those faetbrs m contradistmction to the homozyg m (eg. pure dwarf or 
pure tall) type. The character which appears to predominate if its material 
forerunner is present m the ferdhzed egg, is said to be dammant m contra- 
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c'ibtmction to the cbjaf-CLe^^ .5 oii]/ majofe^^t ^vhen l>otn the 

c;anieLes couLr^b-^i^e 1^*=* roiet'mLi-i" 

I? lIallzl liOi be uiot e.e ^ tcotc-isac v^iiich cLstin- 



Fig j >3 - IlYPOiii^vc 


bdchccil ot a puic tail pta has two paittdes winch are icsoonsible lor ihe dijfcrence 
between it and a dwarf one B^icli cell of a puic dwa^f pea has two pa? tn !es which are 
responsible foi the diliertnce between it axad a tali one Mendel called these particles 
•‘lactois ” In the tormaoion of tlie gametes, the membt rs ot each pair segiegate So 
each gamete contams only one member of this pair, T m the case of the tall plant, 
and t m tlie case ot the dwart plant Ftrtilizauon fields only one kind of fcrulized 
egg cell (Tt) This develops into a till plant For this reason T is said to be dominant^ 
and t rccesnve At cach cell division of the dtvelopmg plant, the factors divide, as well 
So eveiy ordinary cell of the hybiid contams the Tr pair of dissimilar taciors In tlie 
foimation of the gametes of the hybrid, however, segregation agam occurs Hence 
gametes containmg T and ones containmg t are prtnluced m equal numbers Random 
terolization yields three classes of otfspiing — i! i per cent i.)ure tall (T T), oO per cent 
impure tali (Tr), and 25 per cent pure dwart (tr) 

gmshes two related forms need depend on only one factoi dififeicncc Mendel 
was particularly fortunate m hitting upon a form in which Uiere exist a 
number of strains dxflfermg with respect to single pans of unit factors. 
Had he studied, for example, the inheritance of the ‘ Vainut” type of comb 
which occurs in the Malay breeds of domesuc fowl (Fig 459), he would 
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have had a more difficult problem The "rose” comb of Wyandottes and the 
*‘pea” comb of the Indian Game breeds are each dommant to the smgle comb 
of the Leghorn, Sussex, and Rhode Island breeds The “walnut*’ comb can 
be produced by crossmg mdividuals with the Rose and Pea t 5 ^es of comb 
A pure mdividual with a walnut comb crossed with an mdividual from a 
smgle comb breed would give an F 2 with walnut, rose, pea, and smgle combs 
aU represented, because the walnut t 5 ^e differs from the smgle comb m respect 
of two pairs of factors, namely, those responsible when present alone for 
the pea and rose types In the crosses which have been previously discussed, 
character differences m which only one pair of factors are mvolved have been 
dehberately selected for the sake of simphaty In studymg inheritance the 
geneticist often meets with apparently well-defined characters distinguishmg 
two races of animals or plants which present a multiphcity of factorial 
differences It can generally be shown that such apparent exceptions to the 
law of geneuc segregation fall mto Ime, when the data are fully analysed 

The numerical proportions prescribed by the law of segregation are 
statistical predictions The physical model which we take as a basis for what 
happens m ferdluzation is an um with an enormous number of otherwise 
similar counters of different colours m fixed proportions If the model is a 
satisfactory one, our conclusions must bear the scrutmy of the mathematical 
laws of combinations which describe the results of takmg counters out of 
the um In our mterpretation of a 3 1 ratio, the assumption made is that, 

smce two kmds of egg or sperm are formed m equal numbers by a hetero- 
zygous mdividual, there should be an equal chance of any egg being fertilized 
by either of two sorts of sperm (one carrymg the maternal and the other 
carrymg the paternal factor) Similarly it is assumed that there is an equal 
chance that any sperm will fertilize one or the other t 3 rpe of egg On this 
assumption the 3 1 ratio follows, if one of the parental characters is dommant 

Smce the assumption itself mvolves the idea of chance^ the conclusion is 
subject to the laws of chance Obviously we caimot get a three-one ratio 
from a htter of three kittens In experiments on inheritance m a common 
South African species of bean weevd. Dr Skaife crossed the dominant black 
form with a red recessive mutant, and obtamed m the second cross-bred 
generauon 466 individuals of which 347 were black and 119 red For this 
number the 3 1 ratio of the um model requires two classes differing from 

349 5 and 116 5 by a probable error of approximately 6 This means that 
if we were drawing counters from an um containing an immense number of 
black and red ones m the proportion 3 . 1, it would happen less often that 
a trial of 466 selections would yield above 356 or below 343 black coimters 
than that the number of black counters would he (like the number of black 
weevils) withm these limits. 

Mendel’s mvestigations followed up what happens when two different 
pairs of characters, each dependent on a separate pair of factors, are mvolved 
m a cross between pure-bred parents The actual results of a cross between 
a stram of peas with green wrinkled seeds and yellow round seeds or of 
peas vn.th green round and yellow wrinkled seed respeenvdy will be under- 
stood by r^emng to Fig. 454 The ratios of the double dcnninant, the two 
classes of $m^ dominants and the double recessives whidb Mendd obtained 
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in all his crosses was 9 3 3 i, as should occur if the yellow-green factors 
and the round-wrinkled factors behave qmte independently of one another 



Hybrids represented by the genetic formula YyRr can be produced by crossmg the 
double dominant with the double recessivca or alternatively by crossmg ITxrr ^^th 
jyyRR The F, hybrid produced the four classes of gametes shown in equal numbers 
This IS because the assortment of factors in segregation is random in this case> i e it 
IS just as likely that Y will go mto the same gamete as as that Y will go the 
gamete as R The results of random fertilization of the four classes of x female 
gametes by the four classes of male gametes^ are shown in the chessboaid diagram 


Alendel formulated this result as a generalization sometunes known as 
Mendel^s Second Law It is not, however, a law in the same sense as Mendel’s 
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First Law, of sepregaiiOYiy which we have ded«ice^ 11 n ojiiy pfhc- 

able to certain cases, and as we ^shall see later^ 

theoretical interest than the iide Heij: ag'jiin anz'^og*^ v/ii^ 

help The fundamental law or cbeTnic^^ co-^v ^ is r 01 co^^te:zt 

proportions The law of molapic p o^>oilio-iC ic ^ t u* oTj rf 

certain experiences that tbe pjcnjtra of iiSLi/ ji'Co’ iiiej.c*r i.- d. d . lip 
some of die compounds uLat ^v'ej.e fiist irA^ti^cticl ilev siaried '/it 11 

the higher hydrocarbons, they r-zculd have i.uch ^irsipie 

tions Both iht law of mult? pie piopoi Jio^is ^j^ci the s^cuiu ut of i;le. 7 ciel 
are hisloricaUv imporun*, because they nelped tc i'3pu«li s^s ^rj? 

once stated, wer^ broad caough to m other posiibJitie*'^ 1:5a ^ 

a considerauon of die 9 3 C 1 ratio of Al^^adeFs 01 "' el .pe^imopts 

fill a later stage, Jnd nov^ approach "^'oole. 1 hyoji flior 

different point of ^r^cv' 


SO-CALLED REDISCOVERY OF MCNDEL’S HYPOTHESIS 

The pubhcation of Mendefs work produced no discussion, ai<d l. it had 
not been mentioned m a comprehensive and laborious Ge'*’na''-j sun^ey i)i 
the existmg literature on hybridization undertaken by Focke, it is probable 
that It would have remamed completely unknown, when the pimciples \/hicn 
Mendel advanced were restated mdependently by three htez wo^leis* dc 
Vnes, Correns, and Tschermak They published their results simultaneously 
m 1900 , and did not know of Mendel’s own work, till they had reached then 
own conclusions To make a belated and somewhat futile reparation 10 a 
saenufic worker whose gifts had not been sufficiently recognized by his own 
contemporanes, there then ensued an apotheosis which went so fai as to 
rechristen the saence of breedmg Genetics was called Meridolisni, as 
geometry had been called Euchd. 

While Mendel’s contnbution to the theoretical development of genetics 
was a conapicuoas advance, like that of Avogadro m the theory of chemistry, 
it had very deep roots m the soaaJ pieoccupations of his penod and m a large 
body of experimental lesults which had already been cstabhshed To speak 
of Mendehsm and to neglect the work of men like Koclreutcr, Knight, Her- 
bert, Goss, Gartner^ Naudm, Laxlon — or others like them — ^is like beginning 
the history of the atom with Avogadro without any recogmtion of the con- 
mbutions of Hooke and Mayow, Black and Lavoisier, Cxay-Lussac and 
Dalton. That Mendel advanced the issue, as he did, is less a matter for 
comment than his failure to evoke any response from his immediate 
contemporanes 

No doubt there are several reasons for the arrested development of 
theoretical genetics during the ensumg generation Among those which seem 
speaally si^nficant two may be menttoned One recalls the fate of Spallan- 
zam’s admirable expenments on spontaneous generation The issue had 
reached a st^ when it was necessary to bnng the pracUcal eocpmence of 
the horttculUtraltsi and seedsman mto closer touch mth neta laboratory dts^ 
covertes concemittg the material basts of tnhentoftce. This union of theory 
and practice is what distinguishes Mendd^s contribution ftom that of hia 
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predecescDis Events conspired — especially in Bntam where so much pioneer 
\ or!’' baa idcqu '^aivQd OLJt on the p'actic^d side — to drive £ wedge between 
me 1 /oike^ Lhe j.den o- oichard and the worher m t^e Jaboratory The 
repe^ vf uhe gnclizcs me -Oj^^sided development of mechamcai 

Leehn^icgy chnj oT ti’e recvatetnwr^t o7 tbe e>^olu- 

luoAic^il 1 - ro aie ciimc^ cd tlie long stiug^ic fo. me iepe<al of 

Lehgioi^s tesis n!e the oi jn Adeoio^icai conflict 

bet^/een me CoiicmsLL lions uf die smg mciiufacmrm^ class and the 
lanc-ovv^ning S'^Lereot* tom in '3nt ir cn Conimen 3n both viays 
bAolog’cal ermairy simr t^jr. Lojai ac mce^s c nn,aaon or capitrihsm, 
iT^d 1 r Um'veiLSiijetj yet e e "‘2 2 '*c rne o\ c^’cadmg of corncuia 

v/^Ui the pi.eocrupc'ittcm^ Sjf JL^ r '‘'’ukt-Lonuy o icro’' ano me separauon 
of biological tecciiiijg ^lom j lei tso* e tec a! orac^ce ^ /nen the jssue 
was revived^ p7(0gi<t.ab nc.^' ^api • n Jli-c j. r r«ne e iai.ge-ccale faxmmg 
v^as eqmpp:id t^L.! a Idv^^^riy enuo /e t sy >tem o'' e^‘^c^non 

How the evolution TTj-’ conirovcisy ji^^. -si ilc-n tne piactical 

probJemr of ikOj.noMat’re mlo puxely sren, xf vte 

compute Daiv n’s wu-xx on cybj:jdI?i,A n' tr mat c Daruin did 

not ad\Mncc Jie subject t single step (b vVOx-b ni yl. ha v s^en the 

Mendehan scIaaoL. ^n hx^ o vu ^Ints oi t'^Oun^h-n^m f lOc^es* xa ba b«d more 
clca-l^ envxsaoM lo^v pM'^biiiu alfected toe m piac«^cc Ox minJund 
Mendel who Cu\» die iSSt^c as a piacuuU boiucnitmiL‘^i saw that a 
lecipe foi human mlcifcicncw m me evo' pioccss necessary 

basis foi a tine pic iaic oi xio.,/ evoiuuoa orchid* k hus ne slated eivphcitly 

Tnose who survey ♦be S/oik douc i.a aepiitmtuit will aiiive at the con- 
viruon I bat, an^ong all tne nnn-'eious v^oerxmcxXLS made^ not one has been 
earned out to such an extent and in ''uch a way as to malxe it possible to deter- 
iiime me number oi diflereat lorms under which the ufispxing of hybrids appear^ 
oi to arrange these foim^ witn certainty according to their separate generauons 
or deikutely to ascertain their statistical rclauons It rcqmres mdeed some 
courage to undertake a labour of such far-reaching extent This appears, 
however, to be the only right way by which we can finally teach the solution 
of a question the importance of which cannot be over-estimated in connexion with 
the history of the evolution of organic forms 

Ihe union of theoretical and piacucal knowledge set forth m Menders 
solution was more darmg than it seems m retrospect Mendel published his 
results more than a decade before the work of Hertwig and Foi estabhshed 
the elementary fact that one sperm fertilizes one egg Even among botamsts 
the miphcations of the cell doctrme were still on trial Naudin^s ‘"essences'* 
re min d u$ that the older generation of botamsts had not been brought up 
to discuss heredity m tcims of gametes Zoologists (see p ^11-) liaa not yet 
begun to do so There was httle to mdicate ibat Alcndel’s conclusions 
embodied a umversal law of plant breeding «md lai less to suggest that they 
were umversally true of inheritance both m plants and m anmiais. 

Plant breeding on similar lines was contmued durmg the ensuing genera- 
tion by various enquirers such as Aiacfarlane and de Vnes When the con* 
elusions of de Vnes^ Goxxens^ and Tsehermak were simultaneously annouxiced» 



984 Science for the Citizen 

a new interest was immediately awakened Cuenot m France, and Bateson, 
who m England had mdependendy and previously urged that the clue to 
an imderstandmg of hybiidity lay m the numerical ratios of the several 
types of their offsprmg, immediately announced the apphcabihty of Mendel’s 
hypothesis to anutials 

It IS not difficult to see how the situation had changed m the mtervemng 
tune When Mendel was domg his work on peas, Patrick Shirreff, the first 
notable hybridizer of wheat, had been labourmg m Scotland for many years 
m a purely f*mpinra1 attempt to improve cereals by selection Shirrelf refers 
to Rmght as the first mdividual m Britam known to have crossed wheat, 
and he seems to have derived encouragement from Knight’s work He suc- 
ceeded m producmg various new varieties of wheat and oats, some of which 
bore his name- Kmght had foreseen (p 816) the economic results of success 
m improvmg cereal 3ueld We may go so far as to say that when ShirrefiF 
published his book on the Improvement of the Cereals m 1873 the need for a 
sn en n fi c basis for plant breeding henceforth affected the welfare of every- 
body, and more espeaally the future of the gram-growmg states of America 
The two decades that followed— from 1880 to 1900 — estabhshed all the 
pga>»ntia1 facts about the material basis of inheritance set forth m Chap- 
ter XVII (pp 865-860) When Mendel issued his memoir the nature of 
fertilization m animals was not yet estabhshed, and the character of nuclear 
division m nmmgls and plants was not even suspected When it was unearthed 
and apphed to animals, the American biologists McClimg and Sutton had 
shown that the paternal and maternal chromosomes sort themselves out m 
the formation of the gametes precisely m the way that Mendel had envisaged 
for his “factors ” 


THE CHROMOSOME HYPOTHESIS 

All IS m<»ant by heredity must refer to the contnbutions which the 
sperm and the egg make to the new mdividual Can vpe go farther and identify 
withm the sperm or egg the material particles which enter the gametes after 
tnniimffrnMft cell divisions^ Can we detect the esistence of anything which 
behaves as our “fectors” or particles of heredity have been seen to behave? 

Hybndization experiments lead us to conclude that the particles of heredity 
are present m the fertilized egg m dupheate, and that they s^egate before 
the formati on of the gametes mto maternal and paternal components, one 
member of each pair and one only being present m each gamete We now 
know that the number of chromosomes of any speocs of animals or plants 
IS twice the number present m the gametes In many animals (and plants) 
from the most diverse phyla, the chromosome complex of a species has a 
definite configuration as well as a definite number Among the chromosomes 
It IS possible to distmguish pairs of different sizes and shapes (e g. Fig. 421), 
and the mamtenance of this constant configuration imphes that when reduc- 
tion takes place one member of each pair passes mto each gamete (p 868). 
In other words, the chromosomes are present m the fertih:^ ^ m pairs, 
and they segr^te m the formation of gametes into paternal maternal 
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The identification of the chromosomes as the material basis of hybrid segre- 
gation immensely simplifies the deeper study of genetical phenomena The 
most strikmg advances which have been made of recent years m the study of 
inheritance are the outcome of discovering this correspondence 

The apphcation of MendePs prmciples to animals was first made by 
Bateson and Cuenot mdependently In the same year Sutton*s work 
shov/ed the analogy between the behaviour of chromosomes and the material 
entities which Mendel had postulated as the basis of bi-parental inheritance. 
In 1911 Morgan^ Muller^ and Bridges at Columbia Umversity, New York^ 
commenced a senes of mvestigations on Drosophila melanogastery the fruit 
fly or banana fly This httle creature has almost every conceivable advantage 
for the purposes of genetical mvesugation It is prolific It passes through its 
entire life cycle m httle over a week It is emmently viable It is easily cul- 
tured, and can be fed on rottmg banana skms It has only four pairs of 
chromosomes, all lecogmzably diflFerent With Drosophila one can do more 
m a year than could be achieved with cattle m several centimes 

In the Columbia cultures more than eight himdred mutants or sports have 
appeared, and these mutants or sports, when mated with their like, breed 
true to type Thus the mterrelauon of the mutant characters m their mode 
of mhentance has been studied with a thoroughness that has no parallel m 
genetical mvestigation To illustrate the more concrete mterpretation which 
the chromosome hypothesis affords, let us take a cross between one of the 
mutants of Drosophila and the pure wild type The normal, i e wild type, 
fimt fly has red eyes One variety which has appeared as a sport is distm- 
guished by its purple eyes When a purple-eyed mutant is crossed to a wild 
type mdividual of pure stock all the F,1 generation are red-eyed (Fig 465) 
These red-eyed mdividuals, when mated among themselves, produce ofifsprmg 
of which one-quarter are purple-eyed and three-quarters are red-eyed If we 
mate the hybrids with purple-eyed mutants, half of their oflfsprmg are 
purple-eyed and half are red-eyed 

Let us now suppose that the purple-eyed form originally arose because a 
sudden change took place m one pair of chromosomes The mdividuals of 
the first fihal generation of our ongmal cross will receive one chromosome 
of this pair &om the purple-eyed parent and the other chromosome of the 
same pair from the wild type parent So the first fihal generation will consist 
of mdividuals which possess one pair of chromosomes the two constituents 
of which are not the same, i e a pair of which one member has undergone 
the change referred to and one member has not From the result it is evident 
that an mdividual will not be purple-eyed unless both members of this 
particular pair have undergone the change When reduction (p 858) occurs 
m the germ cells of the cross-bred flies a member of this pair carrymg the 
purple-eyed gene will go to one pole and to the other pole a chromosome 
of the same pair unmodified So this pair of chromosomes will be repre- 
sented m one-half of the npe sperm of the male hybnds by a member that 
has undergone the change and m the other half by a member that has not 

The same will be true of the eggs produced by hybrid females If fertihza- 
non occurs at random, a spenn which possesses the mutant chromosome will 
have an equal chance of fertilizing an egg which has it or an egg whidi has 
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It not For every sperm which has the mutant chiomosome tneic will be 
one in which this particular pair is represented by a chromosome unmodified 
Sperms of this type will also have an equal chance to fertilize an egg which 
has the mutant chiomosome or an egg which has not For every fertilized 
egg which gets a mutant chromosome from its mother and father^ there 
will be one which gets a mutant chromosome from neither, one which gets 
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Fig 455 

OiagiarcLxnatic representation of the first generation ot a cross between the red-eyed 
wild type of the fruit fly and the purple-eyed mutant Ihc Y chiomosome is shaded, 
and the chromosome bearmg the mutant gene is shown m black 


a mutant chromosome from its mother only, and one which gets a mutant 
chromosome from its father only Smee an mdividual has purple eyes only 
if It gets the mutant chromosome from both parents, this makes the propor- 
tion of purple-eyed mdividuals one-quarter m the F.2 With the aid of the 
accompanying diagrams you deduce for yourself the consequences of 
other types of cross* 

Consider now a cross in which two mutant diaracters ate involved* Wild 
fruit jfiies are grey in colour and the wrmgs esetend beyond the tup of the 
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abdomen die spoils of Djicsopixio me iespectively distinguished 

by dari; body colour and a c^nditao^ of me \ 7 mgs As a matter of 

factj mere are several mutants of DrosopMp have a dark body colour 

The one we Ghciiji deal mm here n caUxd si?<D "T/nen eiLher of these sports 
a^L- CTOS£;ed to puie T7i!d 'tket d^e lL^lT mcxCAcd genetaihon are wild 

t3/pe h4aicd n ccbc yeu yrogeny one-quarter 



^)inL i piu*i>h lyufpU 

Fig ‘ir>o 

Contmu.ition ot l^ig 466, showing the numerical consequences of mating the first 
cross-bred gcneradon of llics mrer se 

of which are of the mutant type Both mutants are tlierefore recessive to the 
respective wild types^ 

When the ebony mutant is crossed to the vestigial-wmged type (for brevity 
‘^vestigial”) the double hybrids of the first generation are also uniformly wild 
type (Fig 457) If suffiaent ofispnng are bred from crosses between these 
double hybrids, apprommately one-sixteenth show both mutant characters, 
three-sixteenths are ebony, three-sixteenths are vestigial, and nme-sixteenths 
wild type Figs 457 and ^8 show how this numencal result follows from the 
simple assumption that the change which started the ebony condition 
occurred on a different pair of chromosomes from that on which the change 
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which ongmated the vestigial t3rpe occurred In the reduction division of 
the germ cells of the F 1 generation there will be wo different configurations 
accordmg as the mutant members of each pair go to the same or opposite 



Fig 467 — Cross between Two Independently Assorting Characilrs in 

THE Fruit Fly 

Only the two pairs of chromosomes concerned arc shown, distinguished by size lor 
the sake of clearness and with the chromosomes bearing the mutant factors m black 
In the lower part of the figure is shown the result of crossmg the F 1 files back to 
the double recessive type 


poles, and the numencal recombinauons can be simply deduced by using 
a chessboard diagram to show that for every set of four different types of eggs 
fertilized by one of the four different types of sperm there will be a corre- 
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Spending quartette fertilized by each of the remaining three types of sperm 
If the double hybrid files are bred with the new t 3 pe havmg both mutant 
characters, the four possible combmations will appear m the progeny m equal 
proportions (Fig 457) 

This gives you the clue to the inheritance of the walnut comb of fowls 
In poultry theie aie a large number of types of comb The inheiitance of four 
of them has been mentioned (Fig 459 ) These are the rose comb of the 
Hamburgs and Wyandotles, the pea comb of the Cochins, the walnut of 
the Malays, and the smgle comb of the Leghorns and other Mediterranean 



Fig 458 — ^Result or Mating First Hybrid Generation of Fig 457 

inter se 


breeds The difference between pea and smgle or between rose and single 
affects one pair of chromosomes only That is to say, rose by smgle gives an 
1 all rose and an F 2 of rose and smgle m the ratio of 3 1 Similarly 

with pea and smgle, pea bemg dommant If pure-bred walnut-combed fowls 
are crossed with smgles, the F 1 are all walnut t3pe, the F 2 are walnut, rose, 
pea, and smgle m the proportions 9:3 3 • 1. The same result follows a 
cross between pure rose and pure pea. The smgle-combed condition may be 
taken as the wild type, and the walnut type has ansen by mutant changes 
affectmg two pairs of chromosomes. A change affectmg one pair by itself 
produces the pea condition, and a change affecting the other pair by itself 
produces the rose condition. Here, it is to be noted, both mutant changes are 
dommant, i,e the mutant character is exhibited if only a single member of 
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the modified pair of chromosomes mvoived is present You can illustrate this 
result for yourself with the aid of a diagram like Fig 458 or yi.54 

The numerical results of experiments like those of Mendel thus recesve 
a simple explanation on the assumption that tne chromosomes arc the seat 
of those changes which lead co the appearance of mdividua^ wilb new 
hereditable properties Furthei experiments have made it possible to snow 

( 1 ) that the material particle oi gene responsible for tne appearance of a new^ 
hereditable property can be identified rath a particular chromosome 5 and 

( 2 ) that It can be identified with a defimte posiuon or locus cn a pamcuiai 
chromosome 

In everythmg about which we have concerned ourselves so Jai it a 


malnuir 






Fig 469 — Four Typls or Comb in iiil DoMEsric Fowl 


matter of complete mdilference whether the character with which we are 
dealmg is mtroduced from the maternal or paternal side We also know that 
one pair of chromosomes is unequally mated m one sex. So any change 
which started on this pair is not symmetrically distributed among the 
sexes In Drosophila (Fig 421) the female has one pair of chromosomes 
(the first pair or XX) represented in the male by one element (X) of similar 
dimensions and ano^er (Y) of different shape Thus only half the sperms 
wiH carry an X chromosome Among the mutants of Drosophila there is a 
large dass — ^more than a hundred — ^which do not behave like those with 
purple vestigial wmgs> or ebony body colour. Crosses with wild type 
give different results accordmg as the mutant character is mtroduced from 
the maternal or paternal side 

One example of this dass has white instead of red eyes. Crossed to pure^bred 
wild type (r^-eyed) females white-eyed males produce ofl&prmg all of which 
are wild type^> and when the hybrids are mated mtet se one-quarter of their 
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progeny are white-ej cd (Fig IGO) The only anomaly is that all the F 2 
^hite-eyed flies arc males When while-eyed females are crossed to pure 
stock wild type males^ the lest lt is moie remarkable Only the female ofFsprmg 
of die f rsi generation sie red-e^^eji The maies i^re white-eyed When these 



Pig 4(t0 — SE3k-UNKrO iNHJbRirANCJC IN Drosopiula 

The male ol the mutant stock with white eyes mated with a wild type red-eyed temalc 
gives an F 1 all-red-eyed * m the F 2 only males are white-eyed The X cturomosome 
bearing the mutant factor is shown m black, and the Y chromosome is shaded 

crossbred flies are mated inter $e onc-quarter of their progeny are one- 
quarter white-eyed males, one-quarter white-eyed females, one-quarter 
red-eyed males, and one-quarter red-eyed females. We can interpret this 
result, if we assume that the mutant gene which is responsible for white eyes 
IS on the X chromosome, and that it can override the effect of all the other 
chromosomes unless it is paired off with another X chromosome from wild 
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Stock If a mutant X chromosome is present m the male theie can be no X 
chromosome to pair with it So the mutant condition will always be exhibited 
The mutant condition will not be exhibited by the female unless both membeis 
of the X pair carry the mutant gene 

The phenomenon of “sex-lmked inhentance/’ as this asymmetnccd type 



Fig 461 — Sex-linked iNHERirANCL in Drosopiiua 

The reciprocal cross to that shown m Fig 403 When pure red-eyed males arc crosscii 
to white-eyed females the male offspring are white-eyed, and m the F 2 the red-eyed 
and white-eyed types are present m equal numbers m both sexes. 


of tran smis sion is sometimes called, was first discovered by Doncaster (1906) 
m moths In Lepidoptera the male is the XX type and the female XY or XO* 
In the currant or magpie moth Abraxas, there is ^ palc-wmged (lacticolor) 
mutant m contradistmction to the dark-wmged &X5Ssulariata) type Don- 
caster set out to find why females of the lacticolor variety are much com- 
moner th an males On breeding he found that dark-winged males crossed 
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to pale females have only dark-wmged offspring, »vhich give dark-winged 
and pale moths m the ratio 3 1 when mated inter se All the pale moths of 

this cross are females In the reciprocal cross only the males are of the dark 
type^ and the F 2 is composed of dark and pale, males and females, m equal 
proportions Bearmg m tnind the difierence (p SSO'j between the chromo- 
somes of moths and Drosoohila you will have no difficulty m applying the 
method of Figs 4 GO-1 to mterpret this result An analogous type of sex- 
linked inheritance occurs in birds (canaries, poultty, etc), as, for mstance, 
in the dommant X-bome mutant gene responsible for the barrmg of the 
plumage m the Plymouth Rock breed 

Agreement between experiment and microscopic cbsen^-ation is also 
Illustrated by the phenomenon of noa^-disjuac^wn^ described by Bridges m 
connexion with several sez-linkcd mutant characters of which our ongmal 
mutant character (vvinte-cye colour) will serve as an example There appeared 
among the Vvhite-eyed mutant smek of Drosopiiila certam s trams of which 
the females, when crossed to normal red-eyed males, gave a ceitam propor- 
uon of red-eyed males and white-eyed females, m addition to the usual 
red-eyed females and white eyed males alone When the white-eyed female 
offsprmg of such abnormal matmgs were crossed back to red-eyed males they, 
m their turn, gave all four classes — ^red-eyed males and females, white-eyed 
males and females. The white-eyed females behaved like their mothers, 
giving abnormal results m all cases Certam of the red-eyed females gave 
normal and otheis abnormal results m crossmg Of the male progeny the 
red-eyed mdividuals weie normal, whereas only half the white-eyed mdi- 
viduals were normal, the remamder begettmg daughters whose progeny 
was exceptional Bridges found that m the abnormal white-eyed F 1 females 
the chromosome complex of the dividmg body-cells was also abnormal — it 
showed a Y element m addition to the XX pair 

Micioscopic observation shows that m rare arcumstances the X chromo- 
somes fail to separate when reduction occurs So the npe egg contains either 
two X chromosomes or none at all. If we represent the sperms of a red 
male as X' or Y, two additional types of individuals will result from ferti- 
hzation by a Y or X' sperm respectively, an XXY or white female, and X'Y 
or red male This accounts for the exceptional mdividuals m the F 1, and 
accords with the facts observed Accordmg to whether the X elements 
segregate with respect to one another or the Y chromosome, the F 1 white 
females will have four types of eggs — ^XX, Y, XY, X If these are fertilized 
by a Y sperm (which does not influence red eye colour) we get four types — 
(a) XXY white females, which wiU obviously behave m the same way, thus 
agreemg with breeding expenence, (p) YY — ^mdividuals with this constitu- 
tion cannot hve, (c) XYY — ^wbite males which should produce XY sperms 
so that m crossmg with normal white female daughters of the XXY type, 
produemg exceptional progeny, would result, {d) XY — ^normal white males 
When the same four classes of eggs are fertilized by an X' sperm carrying 
the red factor, four red types of offispring would result, as follows (a) X'XX 
— a tnploid female which usually dies, (p) X'Y — ^normal red males, (c) X'YX 
— ^red females with abnormal offsprmg, (d) X'X — ^normal red females Thus 
the non-disjunction of the X chromosome m the formation of the eggs 

21 
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some of the females of the parental white-eyed stock accounts for the entire 
series of ei^ceptional genetic phenomena which occur m these strams 

THE CHROMOSOME MAP 

Such evidence can leave very httle doubt about the conclusion that the 
behaviour of the chromosomes provides the material basis of the numerical 
proportions foimd in breedmg experiments There is now abundant evidence 
of the same kmd derived from the study of mheruance m widely different 
t3rpes of animals and plants pomtmg to the same conclusion Other experi- 
ments have made it possible to locate the changes which aie icsponsible 
for particular mutant characteis on a defimte region of a particular 
chromosome 

The experimental results which lead to this conclusion may hrst be illus- 
trated by what happens m crosses which mvolve more than one sex-lmked 
mutant character There is a yellow-bodied mutant of the fiuit fiy wmch 
behaves, when crossed to wild stock, m a manner analogous to the white-eyed 
form That is to say, the yellow females crossed to puie vvdci stock males give 
yellow males and grey females, and yellow males mated to pure wild type 
females give all grey offsprmg If we cross a yellow female with white eyes 
with a pure stock wild type male, the female offsprmg are wild type, but the 
males are yellow with white eyes, as we should expect (Fig 402) When these 
are mterbred an unexpeaed resiilt occurs A small but dcfmite propoiuon of 
yellow mdividuals with red eyes and grey mdividuals vsntli while eyes occuis 
Since the two properties are separable we can only conclude that the same 
part of the chromosome is not mvolved m whatever is responsible for the 
yellow mutant on the one hand and the white-eyed mutant on the other 
The numencal proportions m this case are approximately as follows 


Pu cent 


Females Wild type 21 

Yellow-white 21 727 

Grey-white 0 277 

Yellow-red 0 277 

Males Wild type 24 725 

Yellow-white 2 1 725 

Grey-white 0 275 

YeUow-red 0 275 


We can also make a cross mvolvmg these two characters in a diifcicnt way, 
as when we mate a yellow male and a white-eyed female I he first generation 
consists of white-eyed males and wild type females When bred inter se these 


give offsprmg of all four types 

Per cent 

Females* Wild type 25 

White-eyed , 25 

Males: Yellow 24 725 

White * 24 727 

Yellow-wbite 0 275 

Wild type , 0 275 
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Inspection oi the figures for the males m these two crosses shews that the 
e\!Lent (1 1 per ceiit) to whicn the yellow and white mutant genes get 
di^ipched^ when they a ^ mlioduced Trom the sane parentj is numerically 



bio 462 — Crossxno Over Between Two Sbx-Linkbd Mutant Factors 

X'hc imt of the X chromosome contammg the gene for yellow body is shown in black 
nnd the part containing the gene for white eyes is shaded The normal X chromosome 
IS left white and the Y chromosome is hooked and stippled 

equivalent to the extent (1 1 per cent) to which they tend to came together^ 
when they are mtroduced m the first place from different parents In a fixed 
proportion of reduction divisions the two points or loct^ A and where 
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the mutant genes are respectively locatedj become mterchanged m the two 
members of the X pair of chromosomes (Fig 463j This is m agreement with 
microscopic observation In the painng before the reduction division^ coire- 
spondmg chromosomes become twisted, and smce the sphc tai«:es place 
longitudmally, appearances suggest that a ciossmg of concsponding 
segments occurs Closely neighbourmg regions are less lii’ely to get mter- 
changed th an regions farther apart So if the gene has definite locus on the 
chromosome, we should expect that genes located in closely adjacent parts 
would tend to stick together more often than genes vhose loci he farthei 
apart 

The consequences of this conclusion can be seen best with a diagram 
(Fig 4G4) If A B C are three points on the length of a chiomosome, and E 



Fig, 463 — ^Diagram to Explain Crossing Ovxr Beiwlfn Two Loci 

ON A Chromosome 

(1) In the cross between yellow, white-eyed female and wild- type m 0 ^ 

(2) In the cross between yellow male and white-eyed temale 


IS mtermediate between A and C, crossmg over between the points A 
and C may take place m one of two ways The length on which C is located 
may be displaced with reference to A carrymg B with it, or the length on 
which C IS located may be displaced with reference to A not cariying B 
with It The first case mvolves the crossmg over of the loci of A and B The 
second mvolves transposition of the loci of B and C Hence if the three 
pomts are located m the order stated the number of cases m which the loci 
of A and C are transposed will be the sum of the number of cases m which 
A and B cross over and B and C cross over. If the order of A B C is not given, 
the amount of crossmg over between A and C may be the sum or difference 
of the cross over A-B and B-C 

Let us now see how this apphes to the example just given Crossmg over 
takes place between the locus of yellow and the locus of white in 1 1 per cent 
of the reduction divisions m the formation of the eggs There is another 
sex-linked mutant characterized by possession of wmgs which do not extend 
b^ond the tip of the abdomen It is referred to as mintature In yellow 
miniature matings which produce a very large generation of flies, the cross- 
over percentage (cross-over value or C.O,V0 is found to be 34 3, and m the 
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v^'hitc immature cross the C O V is 33 2 The difference 1 1 corresponds to 
tne cioss-ovei for j’^ellow and white Thus the locus of white hes 

between die bees of >e’iow and mmiature 1 1 units of length from the 
former and 33 2 uniits from the latter This relation holds good for all the 
se’T-iinl^ecl mutant genes of Dic^ophila So it is possible to construct^ as 
Morgan aid h-*^ collaboratCAO have done^ a map (Fig 467) of the X- 
Lromosomc 

Thus far n e have confined oui attention to one group of mutant characters 
which have thev oiJigm in changes which occui at definite loci on the X or 
first pair of chromosomes m Drosophila Now Drosophila has four pairs 
of chromosomess ail of wbucb have been mapped out on the same prmciple 



3c-'C 34 3 % 

tiG toi — L inlar Arrangement of the Gfnes 

Ail that we have learned about the other chromosomes so far is that the 
genes for vestigial, ebony, and purple eye are not on the first (X) pair, and that 
ebony and vestigial are not on the same pair Besides ebony there is another 
dark-coloured mutant which is referred to as black. When a “black” fly 
with vestigial wings is crossed back to the wild parent stock, the F 1 indi- 
viduals are grey with long wmgs as m the ebony vestigial cross (Fig 465, 
right) If the F 1 males are mated with females of the black vestigial type, 
the entire progeny arc either grey with long wmgs or black with vestigial 
wings (1:1) A different result is obtamed m the F 2 generation of a cross 
between a black mutant with normal long wings and a grey fly with vestigial 
wmgs (Fig. 465, left). As before, the hybrid progeny are grey with long 
wmgs. If these F 1 males are crossed back to the black vestigial females, 
half the offspnng are grey with vestigial wmgs and half of them are black 
with long wmgs. The results of both crosses can be mterpreted as before. 
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if we assume t±iat we are dealing with mutant genes located on the s^me 
pair of chromosomes This conclusion is reinforced by furtLei e>-.peiimcnts 



hiG 466 — Linkage in a Non Sex-Linkid 

Effect of back-crossmg to the double recessive female^ the male oflspriug ol a black 
X vesugtal mating The region of a chromosome comainmg a black gene is shown 
m black, the part con ta i nin g a vestigial gene is shaded, and the parts contammg the 
genes for grey and long are left white On the left the black and vestigial genes entered 
from opposite parents, and on the right they came m together In maung the males 
from either cross with the double recessive female, the ongmal linkages appear un* 
altered in the offspring Compare Fig 46C 


If instead of crossing back the F.l males to the double recessive females, 
we make the reaprocal mating of the F.l females to the double recessive male 
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typej the result is shghtly different What happens when both the recessive 
genes (black and vestigial) aie brought in from the same parent, is that 
the back c^ost. ol the F 1 females to double mutant males produces 41 5 
per cenc black vestigial and 41 5 per cent grey long, together w*th 8 5 per 
cent black long and 8 5 pei cent grey vestigial If the F 1 females of a cross 
m vnich only one rcceasiv’e is mtiodnced by each parent (Fig 466) 
are c/obsed back to the double lecessive male^ the progeny, mstead of bemg 
^0 pei cent black lung and 50 per cent grey vesag^al, are 41 5 per cent 
black long and 5 pe*. cent grey vestigial, LOgether with 8 5 per cent black 
vestigial and 8 5 oei cent grey long The numencai resuiLS can be explained 
by raying mai -n app^Oiomately 17 per ceUk. lednction divisions in the 
female a crossing o^ea occurs between the two parts of me chromosome on 
which the two mutant genes respectively occur 

This conclusion can be tested by the method already apphed to white 
e>e, yellow body, and nimirtoie wing mutants The mutant with purple 
eyes is a simple recessive to the normal red-eyed condidon The mutant with 
the bent-up "^curved wmg” is a simple recessive to the normal long-wmged 
condition In a cross between mdividuals mvolvmg the vestigial and curved- 
wmg characters the aoss-over percentage of 8 2 vv based on a generation of 
1,861 flies The cross-over value for the purple and curved genes was 19 9 
based on a generation of 61,361 flies The expected cross-over between ves- 
tigial and purple genes would theiefore be 19 9 ± 8 2* = 28 1 or 11 7 In 
an actual expenmeni m which 15,210 flies were leared, the cross-over value 
between purple and vestigial proved to be 11 8 The cross-over value for black 
and purple is 6 2, based on a generation of 51,957 flies The expected cross- 
over value for the black vestigial cioss would therefore be6 2±11 8 = 18 
or 5 6 In an actual experiment, based on 23,731 flies, the value 17 8 was 
obtained To add yet another case m which the mterrupted wmg vem 
character, known as ‘‘plexus,” was mvesugated, the cross-over value for the 
purple and plexus factors was 47 7, based on 350 flies The expected value 
for plexus-black would thus be 47 7 ± 6 2, i e 53 9 or 41 5 In an actual 
expel iment, mvolvmg 2,460 flies, the cross-over percentage was found to 
be 41 9 So we can arrange another group of mutant genes m a defimte 
order on one of the remaining three pairs of the chromosomes of the frmt fly 
The locus of purple hes between the loci of black and vestigial about twelve 
imits of length from the latter and six from the former* 

Experiments up to date have shown that aU the mutant genes of Drosophila 
fall mto four groups (Fig 467) Members of the same group tend to stick 
together — completely m the male, and with a definite amount of crossmg 
over in the female. Members of different groups behave m a manner analo- 
gous to the ebony-vestigial cross, i e, they show “free assortment” m segre- 
gation Thus the number of linkage groups corresponds to the number 
of pairs of chromosomes, and of these four groups one, the smallest, can 
be identified with the sxnall “fourth” pair of chromosomes m Drosophila 
on account of abnormal geneucal results-obtained m crossmg flies m which 
one member of this pair of chromosomes was found to be absent Recently 

^ The sign i m this context means that the expected cross-over value exceeds 
( 4*) or falls short (— ) of theprecedmg figure by the amount stated 
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Punnen has shown the existence of seven linkage groups m the sweet-pea 
which has seven pairs of chromosomes So che arrangement of the genes 
m Imear senes has been shown to hold good for the sweet-pea Consideiable 



Be 



Here female FI of a black X vestigial ssiatzng aie ciossed with the double icccssivc 
male The original linkages are broken by crossing over in tlic formation ol 17 per ctni 
of the eggs Chromosome convenuons as m Fig 466 


progress has also been made towards a chromosome map of maize and the 
Chinese Primrose 

The results obtained with experiments on the jBnut fly apply to a wide 
range of living creatures. When Mendel’s principles were first rescued from 
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obscurity^ few, if any, biologists would have been so bold as to assert that 
they apply to all types of heredity, and the majority were only willing to 
concede grudgmgly a restricted validity to the Law of Segregation Many 
continued to speak as if theie were two sorts of inheritance, Mendehan and 
non-Mendelian Every yeai since the be ginni ng of this century has witnessed 
a wider extension of the prmciple which Mendel first announced 

At one time a g^ear deal of confusion arose thiough the use of the mis- 
leadmg term ‘'^uniL characiei ” A smgle cleai-cut anatomical difference may 
involve one or many genes There is no relaaon between the ma gni tude 
of the one and the extent of the other The inheritance of the v^alnut t 3 rpe 
of comb m the domestic fowl illustrates a clear-cut character difierence which 
involves two mutant genes If a character difference mvolves two mutant 
genes on different pairs of chromosomes, we should expect mne mstead of 
four distmct types m the F 2 generation, if there were no dominance, and the 
analysis of this result would not be at all obvious at fiist sight If three 
doimnanl or lecessive genes on different pans of chromosomes determme 
a smgle character difierence, the F 2 mdividuals would fall mto one class 
with all three donunant characters, three classes with two do minan t characters, 
three classes with one dommant character, and one class with no dommant 
characters m the ratio 27 9993331 If neither member of any 

of the three pairs of characters shew dominance the number of classes will 
be twenty-seven instead of eight 

So extremely compheated cases may arise, when only a few genes are 
involved m the inheritance of some discrete anatomical or phvsiological 
difference distmguishmg two stiams If only four genes on different pairs 
of chromosomes come mto play, and none is dommant to its alternative, the 
number of classes m the F 2 is 81 Even so, we have only exhausted a small 
fraction of problems that present difficulty at first sight The successful 
analysis of such difficult cases justifies the confidence which Mendel’s 
prmciple now enjoys 


Al^PLICATION Oh GENLIICS TO HUMAN ECOLOGY 

In the absence of defimte knowledge about hereditary transmission the 
improvement of stock and seed-produemg crops was accomphshed by m- 
breedmg and by artificial selection Individuals with the selected character- 
istic were propagated by repeated matmg of close relatives havmg the same 
characteristic If this is earned on for many generations pure hnes of homo- 
zygous mdividuals can be estabhshed What could only be achieved by a 
long process of selection and mbreedmg can now be brought about by 
systematic testmg m two or three generauons The difference between the 
two methods can be illustrated by takmg an example analogous to comb 
inheritance m poultry (p 982 and Fig 459) 

In rabbits two varieties. Blue Bevran and Chocolate Havana, are dis- 
tmguished by the slate and reddish brown colour of the fur If pure mdividuals 
of both t 3 rpes are crossed, the hybnd is black When the black hybrids are 
mated with one another four colour types of offsprmg are produced, namely 
black, blu^ chocolate, and a fourth whose pale sdvery coat is called *^hlac 
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T he fact that there are four t3^es shows that we are dealing with two mutant 
genes One recessive gene (6) makes black fur slate-blue, the other (c) makes 
black fur reddish brown, both together make black fiir lilac The F 1 hybrids 
receive b from their blue and c from their chocolate paients respectively 
They have neither m duplicate So if b and c are assumed to be recessive^ die 
F 1 hybrids should be black All the possible geneuc types which may occur 
may be represented m the letter symbols thus 


Black 

BB 

CC 

BB 

Cc 


Bb 

CC 

Bb 

Cc 

Blue 

bb 

CC 

bb 

Cc 

Chocolate 

BB 

cc 

Bb 

cc 

Lilac 



bb cc 



Suppose now that black rabbits had been produced for the lirst tune by 
crossmg the Blue Bevran and Chocolate Havana The fancici or furiier of 
the old school would first mate the F 1 black hybrids intei sc About 9 out 
of every 16 of their oflfsprmg would be black and these v^ould mclude ail 
the four **genotypes” indicated above There will therefore be 10 types of 
possible matmgs of black htter mates as mdicated m the ensumg table 



BB CC 

BB Cc 

BL> CC 

Bba 

BB 

CC 

(0 

(U) 

Cm) 

(iv) 

BB 

Cc 

(v) = (u) 

(VI) 

(vn) 

(viH) 

Bb 

CC 

(ix) = (m) 

(X) = (vn) 

(.Xl"* 

fxn; 

Bb 

Cc 

(xm) = (iv) 

1 

II 

1 

(xv; — (.vn; 

(xvi; 


Of these ten types only one BB CC >c BB CC will yield oflspnng which 
will infallibly breed true to type by continued mtcrbreedmg If he rehes on 
mbreedmg to get a pure stock the breeder has to go on breeding black 
brother to black sister, rejecting parents which thiow blue, chocolate, or 
iliac offsprmg, till one of the stocks has been observed to produce no throw- 
backs for several generations Afier about twenty generations this result will 
usually have been achieved. Selective inbreeding is an exceedingly wasteful 
way of getting it, because there is a simple way of deciding to which genotype 
an F 2 black hybnd belongs By making a chess board diagram (see Fig 4i>l) 
you will see that when mated to lilac (bb cc), 

BB CC gives progeny all black 

BB Cc gives progeny 60 per cent black and 60 per cent chocolate 
Bb CC gives progeny 60 per cent black and 50 per cent blue 
Bb Cc gives progeny 26 per cent black> per cent chocolate, 

26 per cent blue^ and 26 per cent lilac 
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So if each F 2 hybnd black is mated once to a liiac individual the production 
of an all blad; litter makes it almost certam that it is a pure black (BB CQ. 
The odds axe at least 127 to 1 m a smgle htter of seven and 4,095 to 1 if two 
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successive all black litters of seven are leared At one step we can therefore 
determine which of the F 2 hybrids are pure stock, and so achieve tlie result 
required m the second generation from the oiigmal cross 

You will also see that there is no need to mbrced rwent}’' gcneiations of 
lilac rabbits to get a pure stock All lilac rabbits mast be pure, c^nce Jiey a^e 
double recessives If vve had started, knowmg only the blac2< and lilac coloui 
varieties, we should, of course, get the same result in the F 1 <i/»d F 2 of a 
cross between lilac and pure black Some of our blue and cho^olj»tes would 
be impure If we wanted to build up pure stocks of either we coald Lest t *ie 
blues and chocolates for further use by matmg to lilac, when 

BB cc would give all chocolate 

Bb cc would give 60 per cent chocolate and 60 pei cent Inac 

bb CC would give all blue 

bb Cc would give 60 per cent blue and 50 per cent lilac 

This IS an exceedingly simple example of the practic.-'l appiiCrtlton of genetic 
principles The fact that thirteen genes which afiFect the growth of the pollen 
tube are now known to be mvolved m the phenomenon ot self-stenhty m 
cherries wiU help you to get a picture of the scope of modern genencal research 
Just as he can combme the genes of varieties with pea and rose comb to 
produce a pure walnut and smgle comb stock of poultry, or the genes for blue 
and chocolate to get a pure stock of black and hlac rabbits, the modem 
geneticist can combme the genes responsible for high resistance to a pjj asite 
(e g virus or rust) and for high yield of frmt, or for high yield and high balang 
quahty of gram 

Among the first achievements of this kmd were Biifcn’s rust resistant 
wheat called “Little Joss” and his later “Yeoman” wheat with good yield 
and “hardness,” i e good bakmg quahty American geneticists have produced 
good strams of beans which are resistant to a “mosaic” (virus) disease 
Salaman has produced a potato immune to wart disease Cotton gtowers in 
the Sudan are now usmg a stram which has been bmlt up for resistance to 
the virus disease “leaf curl ” Curly Top is a virus disease of beet, mamly 
mnfinml to the Umted States, which has a very dtsastious eflcct, and in some 
parts of the country has put himdreds of thousands of acres out of cultivation 
The Umted States Department of Agriculture has now produced two resistant 
(not immune) varieties which allows deserted areas to be replanted 

An important techmque which is commg mto use is the method of crossing 
a cultivated stram of high jneld with a local wild variety which is suited to 
local conditions In this way the genes which make a crop resistant to local 
diseases, chmatic or soil conditions can be combmed with productive 
capaaty. In applymg this method a spectacular result was recently achieved 
m Java, where a mosaic disease threatened the sugar industry. On crossmg 
the cultivated sugar-cane to a local wild type with high immumty, a new 
variety turned up The followmg remarks by Sir J Russell illustrate how 
existing social madunery uses the bounty which scientific knowledge makes 
possible. 

“One could dilate,” said Sir John, “on the achievement of the Dutch m 
Java, m producing their new sugar-cane which quadnqiled the output and so 
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lowered the pi ice of sugai thst the West Indies are m terrible discressj the 
SLigai-beei i£L»%Gtiy of Great Biitain is thieatened, and all Europe would be 
in trouble but that th<^y artificially keep out the new sugar 

One important concision winch emerges firom the contribution which 
genetics can make to die e\oiuaon of the human ecological system is that 
the possibiiiiie^^ of economic self-sufficiency m restiicted geographical areas 
are mcrcasing daily Scientmc chemistry has made Toledo steel and Castille 
soap anachromsiiis Scientific biotechnology is makmg the Jeisey cow and 
the Cheddag cheese anachronisms It would hardly be too much to say that 
can foresee only one Lmit to the evolution of productive and ornamental 
varieties of anim'ds and plants which are adapted to local conditions The 
jicat Obstacle to piogress m biotechmcs is the lopsided development of 
mechanical science imposed on us by mdustnal capitalism. 


EXAMPLES ON CHAPTER XXI 

1 A purple-cyed mutant of Drosophila crossed to pure ^ild stock which 
has red e>es, al^t^ays gives offspring all red-eyed In one experiment the hybrids 
were mated micr he and gave offspring 107 red-eyed and 38 purple-eyed 
Interpiet this with the aid of a diagiam How would you test the genetic 
constitutuon of the red-eyed animals? 

2 A fruit fly ^ith vestigial wings and ebony body colour is crossed to wild 
type The P I flies are back crossed to the double recessive (cbony-vestigial) 
and the result is 

wild type 32 
ebony (normal wmg) 29 
vestigicd (grey body colour) 30 
ebony vestigial 31 

Ii*teipict this result with the aid of a diagram What would be the result of 
mating the wild type in the last experiment inter se ? 

3 All the F 1 generation of a cross between a fowl with single and a fowl 
with walnut comb (pure bred) have walnut combs Back crosses of walnut to 
single gi\cs the following 

walnut comb 73 
rose comb 71 
pea comb 74 
single comb 76 

Intcrpiet this result by means of a diagram What would be the result of 
mating those with walnut combs inter se? 

4 The white plumage of leghorn poultry is dominant to coloured, feathered 
shanks is dominant to clean, and pea comb is dominant to smgle What would 
be the result of back crossmg the F 1 of a pure white, feathereda bird with a 
pea comb &d a black, clean, bird with a smgle comb to the triple recessive? 

6, A race of black rabbits mated to hlac gives black hybrids which, when 
mated to their lilac parents, yield black, blue, chocolate and lilac offeprmg m 
approximately equal numbers Four black offspring of black hybrid parents 
behaved as follows. Buck A crossed with a Mac female had one survivmg 
offspring which was Mac When crossed with Doe B, the same buck sired three 
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successive litters^ including in all 13 black and 3 blue offspring. With Doe C 
it also sired three litters including m all 6 chocolate and 13 black offspring. 
With Doe D it sired only black offspring in four successive matings. Interpret 
these data^ giving the genetic constitution of the four mdividuals. 

6. A Yellow male mutant of Drosophila crossed to wild type (grey) females 
always gives grey offspring. A yellow female mutant crossed to pure-bred wild 
t 3 ^e male has offspring half of which are grey females and half yellow males. 
Interpret this result with the aid of a diagram. What will result if &es from each 
of the F.l are mated inter se7 

7. Barred plumage is a sex-linked character of the Plymouth Rock breed 
dominant to the black of the Ancona breed. A black Ancona hen is crossed 
with a Plymouth Rock cock and the F.l males are crossed back to the mother, 
the F.l. females being crossed back to the father. What are the results obtamed> 
What would be the result of an analogous experiment in which the reciprocal 
cross was the starting point in the parental generation. 

8. White eye is a sex-linked recessive in Drosophila. White-eyed females are 
crossed to wild t 3 ^e males and the F.l flies are mated inter se. What is the result 
in the F.2? How would you test the constitution of each of F.l females without 
the use of white-eyed males? 

9. Interpret the following experiment on Drosophila hybrids with the aid 
of a chromosome diagram : 

Pure stock sable male by Pure stock wild type female gave only wUd type 
offeprmg. These hybrids when mated inter se gave offspring as follows : 

wild type males 146 sable males 155 

wild type females 306 sable females 0 

What results would you expect in the reciprocal cross? 

10. Interpret the following experiments with the aid of a diagram; A pure 
wild stock of male Drosophila was crossed to the mutant white-eyed stock, 
and Its progeny when mated inter se yielded a generation composed of: 

white-eyed females 76 white-eyed males 7.3 

wild type females 69 wild type males 68 

With another white-eyed female the same type of experiment was carried ou^ 
and the second generation was composed of : 

white-eyed females 97 white-eyed males 46 

wild type females 91 wild type males 93 

11. Construct a diagrammatic solution of the following problem: 

In Drosophila vexmilion eyes arc referred to a sex-linked recessive mutant 
from the red-eyed wild stock. Certain vermilion-eyed females have vermilion- 
eyed male and female and red-eyed male and female offspring when crossed 
to wild type. These females have a Y chromosome in addition to the normal 
XX group. How would you test their offspring in a cross with red^eyed males 
to detect differences in genetic constitution of outwardly similar individuals? 

12. Y^ow (body colour), vermilion (eye colotzr) and sable (body colour) 
are sex-linked mutants of Drosophila. A yellow vernrillon male is crossed to a 
wild type female, and the female of&pring crossed to a wild type male. The 
result is r 
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vTild t 3 ?pe females 120 
yellow vermilion n^^^les 38 
wilQ type males 12 
yellow 21 

vQcimhcn males 


male is crossed to a ^aole fr ralx, '^d tae iema’e offspr cro'^sea 
CO vvi^a 4.-ypt r-’ai-s The -esnli -s 


Vt Ic tyue ^eriaie<? k i- ' 

nil’Oii acie-. i ^ 
sC^ie maiess S 2 
‘>on sable 
Vv^iid type males o 

What v/oulc* oe the ct CxOSsuif^ ts^e «u.ma2e of spring of c sable ycHow 

female -md a Vvdd type male to wila ty males> 

13 Tho dark-bodiea strains ot Drosonliaia v^ere Jaomozvgous for %^estig-al 
(i e both st_rms were vestjgial) When cros»ed togetner f-^ese ©trams gave 
vestigial wmg and grey body (wild type) Each of tjiese saains wjs tnen crossed 
CO wild type and the F 1 males back crossed to the*j. ocvn doable recessive 
parent The resuirs weie as followo 

Strain A 

darl body 23 
vestigial n 

dark body vestignl 20 
wild type 23 

Strain D 

dark body 0 
vesngial 0 
wild type 75 
dart bod^ v'cstigial 81 

Intcrpxet these results with the aid ot a diagram 

It A laboratory worker forgot to label new culture bottles ot dark-body 
and vestigial used m the previous examples In order to rectify thiSj males 
from each were crossed to wild type females and the F 1 males were then 
crossed back to respective double recessives The temperature regulation of 
the meubator went out of order, and the temperature rose to a very high level 
kilhng the parent flies One yielded 1 2 W T and 10 others all double 
recessive The second yielded two flies only* both of which were dark-bodied 
with normal wmgs 

Use this information to identify your unlabelled cultures, givmg leasons 
Supposmg these flies had been dark-bodied with vestigial wmgs could he have 
labelled his bottles? Give reasons 

15 Illustrate the prmciple of the hnear alignment of the genes by means of 
the following experiments on Drosophila mutant (a) Female offsprmg of 
vestigial by black back*crossed to the double recessive male gave 


vestigial 416 
black 421 


wild type 87 
black vestigial 91 
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(b) Female offsprmg of vestigial-purple back-crossea to the double recessive 
male gave 

vestigial 336 wild type 44. 

purple 325 nujrplo vestigi'nl 12 

(c) Female offsprmg of black-purple back-crossed to fhe rJouble . ut^nt 
male offspimg gave 

black 464 wild type 28 

purple 488 black parple ^2 

16 In a cross between the yellow-bodied mutant ana a nalc of the vernuhon 
eyed mutant stock of Drosophila the F 2 generation piodaced by mating the 
hybrids tnter se was as follows 

yellow females 103 
wild type females 98 

vermihon males 66 
yellow males 64 

Explain this result with a diagram^ and determine the probable percentage of 
the followmg types 

wild type male and female, 
vermihon, yellow male and female, 
vermilion male and female, 

m the F 2 generation of the cross between a wild type female and a vernalion- 
eyed bodied male 

17 A black purple vestigial female was crossed to a wild type male, and the 
F 1 females were crossed back to black purple vestigial males Ehc followmg 
results were obtamed 

black purple vestigial 1 06 
wild type 104 
black 6 

purple vestigial 8 
black purple 15 
vestigial 17 

black vestigial 1 1 / j • , n 

puiplel ) (double crossover) 

Interpret this by means of a diagram Note the small number oi double cross- 
overs, 

18 In a senes of linkage crossovers the X chromosome yellow was found 
to be 36 muts (% crossover between yellow and miniature) from mmiature, 
white was found to be 36 umts from mmiature and yellow was found to be 
1 unit firom white. The numbers on which this was based was small. The 
espenment as it stands yields no information as to the order of yellow, white, 
and miniature Female ofeprmg of yellow males and white mmiatur«^ 
females were crossed to wild type males. The following was the result^ 


wdd type males 3b 
vermihon-eycd ycllow- 
bodied males 33 
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Wild type females 105 
v/hite mLxuaaire males 37 
yellow m ’Ic s 3^1 
wiic £>3>e male^ 1 
yellow whiie mimatrize -naics ^ 
ye^loT? * Lsioiatore m ues 20 
vi/iiite ir-c les 10 

males 0 

unojaiadLiLe males O 

^hai IS me c_aer oi genes Ci-nccj.^ied^ conclusion.s could you draw if 

mere had beer no yeiLlo\v vmte m narji-.^, io Vvj.d no miniature, and two 

yellow VvhitiwC 

10 Apuiple /estagial strain m Diosophila was crossed to wild type, and the 
ofisprmg were founa to be ail v/iid type The F 1 females ^ere mated singly 
witn smgie purple vestigial males and two cultures gave che foUowmg result 

Cvlu^k ^ / C? itvre II 

puii-)le vesLigiU GO purple vestigial o7 

wild type S2 Wold type 104 

pu-i^le li pLiipie li 

vestigial 9 vestigial 25 

Interpret these insults wifi the aid ol a diagiam, and state what experiments 
you would set up to pio^j'c your hypothesis You may assume that ammals 
statable ior mating were retained m both cultures 
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CHAPTER XXII 

imUfLAL MAGNETISM 
2 ’:c '1 elegruphy oj the Body 

Modeah society ioi As cUy-*.o-(iay easicncc on a large corpus of 

oiganizea auJ lecorded icr'ov/lec'ge Iviuc'^ of jiicis come into being during 
the past two cenuiuco In this sense it to sa5^ Lh?t the pre-eminence of 

die scientific outlook is ciiarjcteriSAc of oiir ovvn ci^niization in contradis- 
tinction to the civilized societies of rntiqmty The fullest use of science for 
human weil-bemg v/il! only be possible when our knowledge of material 
resources lo supplemented w->tb genume saentific knowledge of human needs 
If we possessed such knowledge, a conclaoing sectioii of this book dealmg 
with the sioiy of maii^s Conqi^eU of Behaziour might be enlided to moie space 
than two remainmg chapters Ihe little that can be said at this stage has little 
relevance to die oiosl pressing problems of man's soaal lelations and to his 
future What importance it has Les less m showmg us how to solve problems 
of human conduct than m suggestmg how they must be slated, if we hope to 
get an mtelligible answei to them Along the short road which we can traverse 
as yet, there are no conspicuous milestones of progress AH that we can hope 
to see arc a few legible signposts pomtmg ahead of us The legend they bear 
1$ The Saentific Outlook 

At any stage m the story of science conspicuous advances depend on the 
comcidencc of a variety oi circumstances the effects of which reinforce one 
another There must be economre provrsron for the hvelrhood of the m- 
vesugator and the social apparatus for mamtammg a necessary mmimum 
of htcracy and contmmty with past expeiience Natural and social agenaes 
must conspire to force a certam class of problems on the attention of a 
sufficiently large number of people with the requisite access to pre-existmg 
sources of knowledge The soaal structure must be suffiaently plastic 
to allow powerful soaal groups to reap the advantages of new discovenes 
and make provision for rewarding them and encouragmg them These 
are conditions of scientific progress common to anaent soaeties and to 
our own Today, as m ancient times, sacntific enqurry attracts the largest 
emoluments, enlists the largest reserves of abihty, and secures the most 
favourable opportumties for large-scale tests of the truth of its hypotheses 
m departments where socially fruitful discoveries are bemg made In ancient 
tames, as now, great activity m one department of knowledge generally leads 
to madental discovenes destmed to become the keystone of new sciences 
m a different social context Such madental discovenes are the present sub- 
stance of a saence of behaviour. 

Two feattqres specially distmguish the relation of knowledge to social 
organization m modem and anaent avilization One is that umversal educa- 
tion mcreascs the tempo of discovery and diminishes the danger of colossal 
wastage which accompamed the destruction of a avilization m anaent times. 
The other is that we are becommg aware of the social conditions which 
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guarantee the cx)ntmued progress of human knowledge In earher soaeties 
the restriction of education to a small caste hir^tcd the apphcation of dis- 
coveries to a restricted context^ and checked the co-ordmation of techmcal 
advantages inherent m different local practices In the caste-ridden societies 
of antiqmty the encouragement of discovery was theiefore local and sporadic 
Had the discovery of artificial fertilizers been made m the Alexandria of 
Erasistratus there would have been no system of American agricultural 
colleges and primary schools to diffiise the new knowledge over half a conti- 
nent m a smgle generation It would have been impossible to enhst an 
organized world-wide body of tramed workers to develop it farther 

Scientific researchj endowed from a variety of sources, now embraces a 
much wider field of mterest The work of saentific mvestigators employed m 
Government or mdustrial laboratories, m umversities and techmcal colleges, 
is co-ordmated by a world-wide medium of mtercourse through speciahst 
journals m which discoveries are made public Scientific research thus begms 
to assume the aspect of a separate social mstitution While it stdl has external 
relations to navigation, to manufacture, and to husbandry, it has mtemal 
characteristics Its mtemal characteristics arise partly from the immediate 
effect of discoveries made by one group on the problems which other groups 
of saentific workers can undertake, and partly from the social influence which 
saentific workers collectively exert on the pohcy of pubhc education 

In studymg the soaal background of saentific discovery, our perspective 
therefore changes as we approach the present century In anaent tunes 
everyday work m fields, m mines, m mihtary defence, and m ships at sea 
furmshed the raw materials of any or^mized body of recorded knowledge, 
and immediate soaal needs supphed the mcentive for any speaal encourage- 
ment of mventive capabihty or for professional mterest by a literate personnel 
Tasks earned out m saentific laboratories are now an mcreasmgly important 
part of the world^s everyday work, and they supply the clues which lead to 
new branches of saentific knowledge InteUigent antiapation of useful 
apphcations encourages research which is not directly prompted by new 
or urgent soaal needs, so the tempo of discovery in new fields of research 
depends less on the external demand for its apphcations and more on the 
external demand for saentific knowledge of other kmds. 

This IS speaally true of saentific knowledge about the sense organs, the 
nerves, the ductless glands and their relations to behaviour. Before the 
begi n ni n g of the nmeteenth century what little we knew about sensation m 
animals was circumscribed by the five senses of introspective philosophy 
We knew next to nothmg about how our nerves control digestion, balancmg, 
the act of breathmg or the blood supply to the tissues, and nothmg at all 
about the hormones or chemical messengers of the body. Apart from a few 
minor applications m surgery, the knowledge we now possess does not yet 
mfluence the practice of medicme or agnculture, and no new problems of 
public health or of animal husbandry have conspicuously prompted the search 
for new mformadon. The problems which will be discussed in this chapter 
have exated the interest of the medic^ profmion fit>m time immemorial. 
Until the beginning of the nineteenth emtury advanemg knowledge in other 
fields of science had not provided the necessary instrunumts for solving them. 



Animal Magnetism 1015 

Elsewhere our narrative has kept close to discoveries which have been, 
or may well be, lastrumental in creating amenities which mini ster to common 
human needs Scientiflc knowledgf^ also mflaences the social practice of man- 
kmd when it comes into conSict \V'th vested mtere&ts m forbidden topics 
The pioble*ns of ammcil behaviour vilJb which we sh«ill now deal are sigm- 
ficani m this ^ ay Betv een liie tnai of Galileo and the controversy pro\ oked 
oy the Arijtmgs of Darrm nc majo ccniiiCL a£i> j^cen science and superstition 
had JiiSen In France jiidi Italy Jie Ciihonc GfiULcb retteated unobtrusively 
to a more advantageous poSiLion oy condoning one laurjde permitted b\ then 
Protestant ncighbonts mtciiiccti Teinieni ^v^bica folIowedL the trial of 
Gahieo called for p facc-savirg “^binniiin, a face-sa "ing foimiiia \^^as forth- 
coimng m the wrihngs oi a CathoJuc madiema jcian The new deal cl Descartes 
satisfied Catholic staiesmet*, Frotcsiant tueologirns, rnd the personnel of me 
new academics b> fLang Jie boiiadriy bett.een faim and reason f^Iicre there 
was no im'T'iineni dangci cf a fronaej dispute 

The Cartesian compromise lefinqui'^lieo the •'-'ajLne disuncLion between 
terrestrial bodies and celestial bociiCL which h^d ijr<=‘h^ precided 07er chemical 
reactions and Imman lespiralion TLc sp^^us of the teton we^e repatnated, 
and the universe of lational discourse was patLition'^i ^eeween souls ana 
bodies Souls, bemg eligible for salvation., weic the concern of due Church 
sustamed by moral philosophy as us customs of&aal Bodies, which mclude 
dead matter, the brute creation, and the human fiame, weic to be tlie province 
of natural saence Smcc the brute creation is not ehgible for salvation, the 
actions of ammals have no intrinsic moial vaJuc, cud require no Cartesian 
soul to supervise them How they behave is fan game for the naturahst, 
who can gam second-hand knowledge about what decides their actions by 
usmg his eyes, ears, and hands In contiadistmction to this second-hand 
knowledge of bodies, Cartesian teaclimg also recognized a difierent and 
higher sort of knowledge, with which moral philosophy sustams conviction 
m revealed truths Human actions which have moral value are deaded by 
the Cartesian soul We can get first-hand knowledge of the way it works by 
shutting our eyes and keepmg quiet As far as science is concerned, the 
Cartesian soul was a forbidden topic 

The controversy over Darwm’s teaching therefoie raised issues of much 
wider mrerest than the hteral truth of a Hebrew narrative Bishop Wilber- 
force and his supporters saw which way the wmd was blowing before the 
Descent of Man set forth the aflamties of the human speaes with other 
Animalji; If the basic mgredients of man^s mtellectual activities can be 
traced to the soaal behaviour of greganous apes, the old fa im har landmarks 
between the proper sphere of sacntific observation and the parish of moral 
philosophy disappear, and their respective claims must be judged by their 
firuits 

Some time elapsed before the imphcations of Darwm’s doctrme were fully 
realized by his own supporters There were foolish controversies between 
partisans who asserted that **mmd’’ h^ evolved from **matteF’ and others 
who said that matter has evolved under the guidance of a umversal mmd. 
Opposing factions floundered m a morass of abstract notins with no agree- 
ment about Thcir disputes could have no practical outcome. 
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because scientific enquiry is not concerned with the distinction between 
mind and matter It deals with a changmg world m whuch we recogmze 
characteristic patterns of behaviour and label them with appropriate adjecaves 
When we have done so^ we add nothing to our previous mfoimation by 
transforming one part of speech mto another We may^ for mstanccj dis- 
tinguish the automatic activity of a cash register from the intellectual activity 
of the cashier^ but^ when we have done sOa nothmg is gained by sayiiig that 
one is “caused” by its automausm^ and the other is “caasea” by his intelh- 
gence So also it may be useful to distinguish the conscious beha/iour of a 
man when he is talking to a fnend from his unconscious behaviour when 
he IS walkmg m his sleeps or to distmguish his mental behaviour when he is 
writing a book from his material behaviour when he is falhng oIT a ladder 
We lose our grip on the essential fact that we arc talking about a man, 
when we say that we are studying conscioosness or unconsciousness, nund 
or matter 


WTHAT IS MEANT BY ANI2VIAL BEHAVIOUR 

In this broad sense of the term eveiything which has been dealt with m 
the last few c±iapters is part of the study of how hvmg creatures behave 
Behaviour is generally used by biologists m a more limited sense, more 
especially to call attention to a class of charactcrisucs which conspicuously 
distinguish animals from plants or non-livmg things 

One obvious charactenstic of an animal as such is its great reactivity It 
is changmg its shape, its position, its hue, its texture, contmually and rever- 
sibly Often these changes can be traced to relatively insignificant events tn 
Its surroundings, and its great receptivity to shght changes m its neighbour- 
hood IS another characteristic which distmguishes it from a relatively 
comphcated man-made machme A flash of hght, a diaught of cold air, a soft 
sound, or a slight jerk which would have no effect on the motion or appear- 
ance of a motor bicycle may have drastic effects on a racehorse Knowmg 
how to control an animal is therefore vastly more complicated than knowing 
how to control a smgle machme A far better metaphor would be a deserted 
factory with a vanety of machmes and generatois, radio equipment, telephone 
and hghtmg arrangements The problem of animal behaviour is to find out 
where the switches and self-startmg devices are placed, wheie the fuse boxes 
are located, how the wires are connected, and what sort of work each machme 
cames out. 

The active responses of animals are earned out by different parts of the 
body. The organs associated with the various types of reactivity which 
a nim a ls display are collectively called Rector organs. 1'he three most common 
are (a) muscles which execute the mechanical movements of taHong and 
walking, peristalsis (the squeezing of food along the gut) or the beatmg of 
the hearty Q>) glands which produce chemical products or secretions such as the 
saliva, sweat, or tears, the shell of the fowl’s egg, the ink of the cuttle-fish, the 
poison of a snake, or the slime of the slug, (e) alzated epithelium which 
masntatns fluid motion over body sur&ces such as the of the human 

windpipe or the gills of a dam. These three types of reactivity are exhibited 
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by nearly all animals and nearly all animals possess the effector organs 
responsible foj. them 

In addition, m<iny a ^ cold-elooded v'eitcbrates and Crustacea^ 

exhibit teverstbh coloi//" cku.,^^es \oi i#v-iich the chameleon is undeservedly 
notorious These aie bro^i^hr ab^an ay ^j*fese£ice of branching cells in the 
skm These rolls or c^uj>i c^ei c:iU" ^ p-g^tn£ can concentrate 

m compact r^jiC'SS'wa ihc g ■'osl uf sIolii suifcice clear^ or 

flow outl muO till- hi mt 'iCu vrjLit,i.e k lO'’' .s <-oi nwCivoris of light 

absorbmg rnateiLa! (f'ig JoS) lArny r iarme c^mnititc c'cd t,ome insects (fire- 
tke-ti anC v^Oam lar^ ''C of g_OLiix"i boedcs^^ p^uavee hqhi b} photogenic 

effectors wliLcla l nan ufhci ure iijinui.rj.iii:i£ik^ snapiy of ohosphoiescent 

matcii^ A fe\-^ fishes M^e tJ'c eic-ctnc cel Jbavt* ele^{ icui ej/ci^tor otgaTi:^ by 
which they can adminsier seiious shocks to other creatures 

That Kcccptivay is ilao ioc,aii/c J is c^sy < o see when any oi these responses 
can be traced tc» come occuiri-poe m the ^urro^mdmgs of an nmmil Re- 
searches ol this Joaef teach vfb ujiat imporsonai obocivatioo can lead to correct 



I"iG 4#>s — B lack Pigmint Cllls moM iixf Skin of the Frog, Showing Five 
D r OKIES OF Expansion of iiil Pigment Along the Cell Branches, Which are Only 
Clearly Visible Whirl ihf Pigment Fills Them 


conclusions, when what is wrongly called “direct” or “immediate” knowledge 
of “our own sensations*’ leads to entirely false ones We can see this clearly 
if we consider a t3rpe of behaviom which human bemgs do not exhibit 
The external agencies which influence colour change m the lower vertebrates 
have now been ascertamed with suffaaent thoroughness to enable us to state 
what steps must be taken, it we wish to make an animal respond m a par- 
ticular way It can be evoked by a vanety of external agents, notably hght, 
humidity, change in temperature, and certain forms of mechamcal and elec- 
tncal stimulauon In the laboratory each of these agencies can be varied, while 
the others are kept constant Their separate contributions can be distmgmshed 
and their mutud relauons detenmned When a supply of oxygen, adequate 
diet, and the general conditions essential to the efficient workmg of the 
bodily machme are satisfied, we can prescribe how to make a chameleon or a 
frog turn dark olive or pale yellow, just as wc can presenbe how to make 
htmus dye turn red or blue, 

C2iameleons, if undisturbed, remam dark m a well-iUuminated situation 
so long as the temperature is well below that of the human body They will 
become completely pale after suitable stimulation by a succession of electric 
shocks or by mech^cal pressure. Two blunt pins coxmected with the 
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terminals of a toy shoclong-coil to act at stmmlatmg ‘electrodes” can be used 
for the first and a glass rod for the second If ihe skin of the surface of die 
body, the roof of the moutha and the ana? orific^^ axe respectively stimalatcd 
by a series of electric shocks, or by haid rubbing tn a glass loJ, the xc jOILs 
obtamed mav be tabulated tht^s — 


Stimulus 

Electiiral 


Mechanical 


COI.CUR CHANGE Ih 
Are'* 

Ssixi of Suitace 
Roof o ^ rroutti 
Anns 

Skin of suxla-e 
Roof of mouth 
Anus 


llir CHAAlEhHO " 

i^ocal paliv^i 
CeneraL/cd pdio 

Ce-aCxjix 2 e<^ I al*’ K 
i>iC efecT 

No etieci 

GeneializeJ pallor 


Ihis shows that there are two definitely locahzed legxcnc v he’^e ^he appli- 
cation of an elecaical stimulus evokes the response of gencralx/ed pdlor 
In modem nomenclature they aie spoken of as receptor m the older 

terminology as sense organs Only one of them is a receptor area for 
mechanical stimulation 

Between a temperature of 10° C and 20° C a chameleon is uniformly pale 
m darkness, and responds to bright hght by beconimg dark Anthropomorphic 
prejudices would lead us to assume that this response depends on the eye 
This IS not so It has no defimte receptor organ associated with it it c in be 
eliated m a restricted area of the body subjected to local illumination, and is 
unaffected by b linding or blmdfoldmg the animal As far as this response is 
concerned the chameleon behaves as if it had %fnvrstght 

Analogous remarks do not apply to the colour changes which are shown 
by frogs or minn ows when transferred from white to black vessels or vice 
versa The English common frog can change from a blackish to a bnght 
yellow hue m appropriate situations The contrast, which is no less stnkmg 
than the proverbial changes of the chameleon, has attracted less comment 
because many hours elapse before it is complete Its relation to light has 
been studied very thoroughly m one of its near cousms, the South African 
clawed toad {Xenopiis laevi$\ which lives m water and is much less suscep- 
tible to the mfluence of temperature The skm colour of normal clawed toads 
kept under normal condiaons of temperature with uniform illumination m 
white tanks is mvanably pale and m black tanks invariably dark The be- 
haviour of normal and blmded mdmduals is contrasted m the following 
table — 

COLOUR CHANGE IN XENOPUS LAhVIS 

White background Black background 

Normal ammal Very pale Very dark 

Ammal after reraoval of eyes or dc- Intermediate Intermediate 

struction of the *Vetma ” 


This experiment shows tnat the internal disturbance which underlies 
colour response to hght m the dawed toad is imtiated m a restneted area 
of receptive tissue, the rettna of the eye. In this sense we are entitled to say 
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Li'iaL lX ti iye of the fiog o^gaa of vj&ioii in «iaymg so, we do not introduce 

notiOAi Ntiich bcloagt to tho do'ioam ol our lOe’^sonal feeJmgs Wc rnf^^r\ 
tlict coo kcrlizsd - r: Hod^/ of the ch\/ed toaa is tne starting point 

of me ulJ a of cvenic ^ in'' L m colour h'^nge when lignt impinges 

uoou i\ 

‘iwch a -.rjlo-.ouo tC thai a Liition ^"/hich, when pressed, 

se^s t>''‘ 7 a c Giioaiec- or Scol of a cor The biologist 

m Gi^gaccL jOtL. oC 13^ organ as na woitLa aeai wa Ji Jie self-starter of a car 
n be ignorant oT .ts Lacchaiiisjo 11 he aliov^ed himself to be led by 
tin ''’f b-'j 0+ 'll ezpcjr^cL.co, he ^riouid oe omen to mcorrect con- 

cIuSiOrG t''!DOut in" \ m which light inEaences colour cnange in the 
chamekon, '' Lose jissponds d?ie«>iLiy to jacidcnt illummatior The study 
oi viSi^on. in 1r.fl toads alto con^ms pitfalfs lor the unwary mtrospec- 

tiurut^ 1 . Lie clav’vik-L load will coIi'ccl ct the doth end of an aquaiiium W'hich 
It oncquailv' lUuminated' This ;* true ol eyeless individuals as well as 
iiorr-f il ones "^/heteas the eye of me toad is die jiCcepLor organ for response 
to “‘ocrlrgroand’ h} change t i colou., U c shole oi the s un is a receptoi 
organ foi the aciivities which bung the amniaJ into r sbrdj "^irpiation 

ihe phenomena of colour change p? ovine c'* f^rrher ''JUustraiion of the 
Ioc.di/:auon of a fan‘>iliar foim of rcccptiv-ity m an unusual situation Drought 
and humidav in frogs, especially tree frogs, tend co produce pallor and 
dailvcmng of the skm respectively when olbei factoxs are maintained con- 
stant In human bemgs the lesponse to diought is mainly localized m the 
mucous membrane of tlie throat Biedermann states that ihe influence of 
humidity and drought on colour change m the tree frog is completely abohshed 
by paintiug the pads at the extremities of the toes with cocame, a drug which 
paralyses receptivity ‘"‘Toc-thirst*’’* is therefore a defimte problem for in- 
vestigation and control, though no conceivable eflort of imagmation could 
introduce any meanmg mto a discussion of what a fiog Jcels like when its toes 
arc thirsty. When we are concerned with how to make an animal behave m 
a parucular way the traditional terminology of feelmg, wilt, and purpose have 
as little relevance to our task as the spirits of alchemy have to the processes 
in the retort. 

Thus the problem of behaviour as the word is used m biological science 
mcludes (a) the discovery of physical events {sUmuli) which imtiate active 
responses, (6) the localization of the rei^eptvoe area on which the stimulus 
operates, (c) the modm operandi of the effector organ which executes the visible 
response, and linking up QA with (c) the processes which make it possible for 
a locah/ed stimulus acimg on one part of the body to ehat a localized response 
m another part of the body I'his aspect of behaviour is called coordination 

The study of co-ordmation depends on bemg able to isolate a single umi 
of behaviour starting with a defimte stimulus and ending m a characteristic 
response Such a sequence of events is called a reflex. A reflex that is very easy 
to demonstrate m the frog is the withdrawal of the foot, when the toes are 
allowed to dip mto water warmed to about the temperature of the human 
body If we suspend a frog which has been pithed (1 e the bram destroyed) 
with the legs hangmg downwards, and bring a beaker ot water gently mto 
position so that the toes just dip mto the water, we find that nothmg happens 
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if the water is at the temperature of me loom, but the leg ^.s pulled up Jf the 
water has been previouiv warmed to about 40^ C 3f we time the mteival 
between the immersion of the toes and the v* thdrawal of the liml\ we find that 
It is a matter of seconds Something has been bsippeamg durmg those seconds 
What and whore is the aspect of bebav-iour juipL^^cI bjf term oo-ordmatton^ 
Examples of simple lef^exe*?, most of tvh ch <' u* be easili^ studied m oui own 
persons, are given m the tabic Lcl'ow — 


Actl07% 

Quickening of hea^t 

Its blood supply mcreases 
Contraction of pupil xji ' 
strong Ught 

Secretion of sah\a on s^ned- 
mg food 

Sneezing after pepper 
Knee jerk 


Recepior 

e-end iUgs in right 
auricle 
Seana 

Olfactory Cige^n 
Olfactory or'^an 
® Xln^l m tendon 


BJ^ectot 
Heart muscle 

Plain muscle of ins 

Sahvary glands 

Muscles of chest and 
cuaphragm 

Extenoor muscles of 
thigh 


The chief means of transmission of the disturbances set up m the leceptor 
organs to the effector organs that carry out the ensumg responses is the 
nervous system An mstructive experiment can be earned out if v e hang up five 
decapitated frogs m the manner mdicatcd above aftei smpping as\ay the bone 
known as the urostyle (at the end of the vertebral column) 1 his exooses two 
groups of sh ining white cyhndncal trunks which are then seen to pass from 
the backbone downwards to the muscles of the legs We can now learn what 
IS the path by which the disturbance set up m the temperature receptors of 
the skm of the toes travels to the muscles of the thigh 

In one frog the white trunks (pcsaiic nerves^ of both sides are left mtact 
In a second the sciatic nerve of the nght side is cut In a thud frog the sciatic 
nerve of the left side is cut In a fourth frog the sciauc nerves of both sides 
are cut And m a fifth frog neither are cut, but a wure is passed down the 
canal of the backbone to destroy the nerve stem or spinal cord Havmg done 
this we may try the effect of lettmg the toes of both feet dip mto warm water. 
Both legs of the first frog are withdrawn Only the left leg of the second 
and only the nght leg of the third frog is wnthdrawn. Neither leg of the 
other two frogs is withdrawn From this we conclude that the something 
which is happemng between the immersion of the toes and tlie withdrawal 
of the foot travels by a definite road, namely, along the saatic nerve, and 
further that it travels first up to the spinal cord and then down to the kg 
muscles This somethmg is called the nervous impulse 


THE SOCIAL EACKGROUND OF NERVE PHYSIOLOGY 

That the nerves are the pathway of commumcation involved in the co- 
ordination of the reflex stimulus with its appropriate response was recognized 
by some of the earher Alexandrian surgeons such as Herophilus (c, 300 
It was established by the espenmental work of Vesahus, who observed^that 
cuttmg nerves suffic^ to paj^yse all n^ivcments In the succeeding century 
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of medical lesearch the essenaal part pla^^cd oy the cential nervous system 
(spmal cord and braui)^ as opposed tiie peiipheral nerves which carry 
impulses from the recf^pcoj. oigano > o it anc' impulses from it to the eiFector 
oigansj was discovered by e'^ipemnc-atc js tiia foregorng It was also 
found that a frog^s n.iiscL u.^^£no along ^;^th an attached 

nerve tnmi< wJi contuirt Ljf C'i5bt-''irT Cj ^ jc ^ mo^st atmosphere 

whenevei the is buLialo oy pleasure oi by chemical 

iriitanis 

Little moie than truo ^/as i before u-.j.e ' 'osj^g %ec.xs of the eighteenth 
century All authe i-ic taovv'leC^c aboL'L ul.x.^oi'S eo-o.Oiis'aoii av tillable at 
that umc could oe r'cmonstr^icd by aoi-GecdL^v^ e'>^penments lastmg less 
than half an hou^ Three ^gencic'* specially condibucea to the knowledge 
which has accuniolv since Uicn Ine fusk the di^^coveiy of current 
eJectnciry The second was luie '•cviva* 02 niacroscop'c enquiry Vi^hich accom- 
p.uucd tlie mtioductioa of 4 ''hiO'' lat^r geoces The thnrl vas the impact of 
the evolutionary specuJation 

Wc have alreoaj^' le<'Tincu that p ogiors ni J'^e sa^dy ot clectnaty durmg 
thd eightecnch centui^ Wc.^ closely couuccted laedical enquiries The 
spark and tracUe ol he Leyd-n ^ai lepioda^^ed the pjiysical phenomenon 
of hghimng in mmunuica Oiid dit powerful shocks which accompanied its 
dischaige recalled the peculiar activity of the electric eel^ a phenomenon 
known to nalurahsts from die time of Aiistorle The pioduction of the shock 
Itself became an object of special interest when it was found that an isolated 
muscle will contract after fiictional discharge through it or through its attached 
nerve trunk In the course of such studies Galvam made the observations 
which ulumatcly led to the discovery of cunent electricity (p 648) From his 
time till the present day knowledge of the nervous system has continually 
leaped new benefits fiom advances m electrical science, and has responded to 
the social forces which have encouraged research mto all kmds of electrical 
phenomena 

Galvanfs discoveiies stimulated mtercst m the charactensucs of nervous 
tissue, when the comparative anatomy of animals was advancmg, and by 
so doing contributed to its advance Befoie Cuvier's time the discovery of 
sexuahty m plants had been the only notable contribution to new prmaples 
of biological classification, and nothmg was known about the nervous system 
of the lower animals The geological record show^s that plants have accommo- 
dated themselves to new conditions of life by adoptmg new methods of 
reproduction, and their reproductive organs are of primary importance m 
a classification based on muty of type This is less true of a nim als, whose 
evolution has been associated more particularly with new methods of locomo- 
tion, escape, and search for food The pecuhanties of the sense organs, the 
effector mechamsms and the neivous S 3 rstem which links the two provide 
the master-key to unity of type in animals, and no substantial progress m 
anim al taxonomy could be made until a comparative study of the nervous 
syrstem had been undertaken In his dissections of molluscs, arthropods, and 
echinoderms, Cuvier paid special attention to the nervous system and earned 
out experiments to identify it 

The work of Darwin's predecessors was contmued by his followers with 
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a new end m view While the status of the human speaes occupied the centre of 
the stage, a satisfactory theory of evolution could not rely exclusively on 
anatomical evidence Although the anatomical characteiistico ^hich ms- 
tmgmsh a mathematician fiom a marmoset are triflmg in compa.iion witli 
the anatomical chaiactenstics which distmgui&h a marmoset from a mouie, 
few evolutiomsts could commit themselves to a corresponding statement 
about the characteristics of their behaviour, and they would not have been 
wise to do so Their only course was to seek for more mformatiOii about 
how new patterns of behaviour evolve and how they sac connected with the 
characteristics of the nervous system 

The comparative study of behaviour m a wide lance of iivmja; rrcao»^et, 
brought about a new orientation Most of us beheve that we know bow v^e 
make deasions, and we bring the same prejudices mto acaon wnen w^e 
watch the behaviour of a sheep-dog We can study how the leaves of a sensitive 
plant *‘deade” when to open or close wnthout domg so, and wc are not easily 
tempted to believe that we have discovered anything new about the behaviour 
of a plant when we have added a new abstract noun to oui vocabulaiy So 
the training we get from studymg oigamsms which have httle resemblance 
to ourselves teaches us the pitfalls of verbal analogies and the need for careful 
observation 

**An impetus,^* says Pavlov, “was given to this transition by ihe rapidly 
developing saence of comparative physiology, which itself spiing up as a 
direct result of the theory of evolution In dcahng with tlie lowci membcis 
of the animal kingdom, physiologists were of necessity compelled to reject 
anthropomorphic preconceptions and to direct all their effoits to the elucida 
non of the connections between the external stimulus and the resulting response 
This led to the development of Loeb*s doctrine of Ammal Tropisms, to 
the mtroduction of a new objective terminology to describe ammal reacaons 
and finally it led to the investigation by zoologists, using puicly objective 
methods, of the behaviour of the lower members of the ammal kingdom 


THE REFLEX ARC 

Renewed attention to minute anatomy associated with technical improve- 
ments of the microscope during the twenties and thirties of the nineteenth 
century bore fruit m the eluadation of the “reflex arc,” that is to say, the 
path which the nervous impulse traverses m the central nervous system 
between the receptor and tlie effectoi organ* If we tease a nerve like ihc 
sciatic nerve of the frog with needles we can separate it into a large number 
of cylmdncal fibres, each of microscopic thickness and each surrounded by a 
minute sheath of fatty material. By tracing these fibres back to the spinal cord, 
we eventually find that they are simply attenuated processes of branching 
cells. Some of them ongmate from branching cells m the grey matter or 
core of the spmal cord, where their finer branches are closely connected 
xvith the te rmin a l branches of other nerve cells or neurones Branching cells 
of this type also occur m the central nervous system itself. Their fibres 
run up and down the outer nnd or white matter of the spinal cord, carry- 
mg nervous impulses fiom one level to another^ Others of the fibres of a 
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miyed nerve, i e a nerve carrying impulses both to and from the cxard, like 
the sciatic nert e of the &og, do not have their cell boches withm the spmal cord 
Their cell bodies are m swellings known as the dorsal foot ganglia^ situated 
near where the nerve is jomed to the cord (Fig 471) The cells of the dorsal 
gangha send blanches mto the opinal cord, where they arborize around the 
cell bodies foimd m the grey maner A single nerve fibre, with its sheath, m 
a verlebiate animal^ is not moj.e tiian a hundredth of a niUimetie m thickness, 
though in oursclvei u ma / be a« much as a y?ra m length 
1 he enpernxi&nl citen on p 1 020 indicates mat a net v e M.e the saatic nerve 
ol the fio^ IS a bcitdle of Sbies, some cattying neivoas impulses in either 



hit. 100 — Diagham to Illustrate MIIller’s Experiment 
I'oisol loot cut at A, ventril root cut at B 


direction It does not tell us whether impulses normally travel m both 
directions m the same neurone or whether some neurones axe affeientf cany- 
mg impulses from the receptor to the cord, and others ^erenty carrying im- 
pulses from the cord to the effector organ Other ezpchments show that 
most nerve trunks contam two different types of neurone 

If we trace any nerve back to the spmal cord, we find that it is connected 
with It by two separate trunks, the dorsal and ventral roots, the former of 
which are swollen and contain, as stated, cells, from which fibres pass m 
both directions, towards and away from the cord (Fig 471) If we cut a 
spmal nerve at its penpheral end, muscular contractions can be ehated by 
electrical stimulation of the nerve on the cental side of the cut After cuttmg 
the dorsal root these reflexes will not be obtained This shows that all the 
afferent impulses pass into the cord by the fibres whose cells are located m 
the dorsal root ganghon. If the dorsal root of the cut nerve is left mtact, 
section of all other dorsal roots of the remaining spinal nerves does not 
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interfere with the reflex response obtained by stimulating its central end 
This shows that all the efferent fibres leave the cord by the ventral root The 
separate connections of the afferent and efferent neurones to the C N S 
were finally estabhshed by Johannes Aluller (1831), who severed all the doisal 
roots on one side of the body of a firog and ail the ventral or motoi roots on 
the other side (Fig 469) Such an animal shows complete mdifference to 
stimuh on the side on which the dorsal roots are cut and complete mabihty 
to respond by active movement on the opposite side, but st im uli apphed to 
the side on which the dorsal loots are miact wiU evoke response on the side 
whose motor roots are mtact The presence of separate afferent and eflerent 
roots IS a pecuUarity of the nerves of vertebrates (fishes, amphibia, reptiles, 
birds, flnH mammals) and experiments like the one just described have been 
earned out on representatives of all the Vertebrate classes 

Microscopic sections or teased-out preparations of a mixed nerve are not 
sufficient to justify the inference that all the fibres of a dorsal root have their 



Fig 470 — ^Diagram to Iliusirati 1 iilct of Section in Nikvl DLOiKikaioN 

Degenerated regions black A, dorsal root cut on peripheral side of ganglion, the 
afferent fibres to the left have degenerated B, dorsal root cut on central side ol ganglion , 
the ends of the afferent fibres carrying impulses into the grey matter of the spinal 
cord Imve degenerated C, ventral root cut, the efferent fibres to the light have 
degenerated 


cell bodies m the dorsal root ganglion or that all the fibres in the ventral root 
have their cell bodies m the grey matter of the cord The microscope enables 
us to see that fibres from the cells in the doisal ganglia pass a certam distance 
towards and away from the C N S and that the fibres of the cells in the 
grey matter pass out mto the ventral root We can only trace them by direct 
observation for a small fraction of their course, and then lose track of them 
Here expenment comes to our aid (Fig 470) If we cut a mixed spmal nerve, 
and keep the animal alive, microscopic exammation shows that ail the fibres 
on the side of the nerve remote from the CN.S. undergo degenerative 
changes m the course of a few days. If we cut the dorsal root on the central 
side of the ganglion (i e nearest to the cord) all the fibres on the central 
side of the cut degenerate If we cut it on the pertpheral side of the 
ganghon all the fibres on the peripheral side of the cut degenerate* If we 
cut the ventral root, we find that degeneration occurs only on the side 
remote from the central nervous system This means that if cell bodies 
occur m any tract of nerve tissue the fibres d^enerate on the side of section 
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remote from the seat of cell bodies In other words, a fibre not connected 
with Its cell body undergoes degeneration By applymg the method of de- 
generative section combmed with direct observation of microscopic prepara- 
tions we are, therefore, able to reconstruct the nerve paths mvolved m a 
reflex (Fig 471), The simplest possible path of a reflex (reflex arc) is by the 
way of a fibre havmg its cell m the dorsal ganghon, mto the cord, across the 
thm membrane (or ^napse) separatmg the ultimate branches of such a fibre 
m the grey matter from the branchea cell body of an efferent neurone, whose 
fibre passes out by the ventral root The latter fibre is boimd up with many 
other fibres, carrying impulses mwards or outwards, m a nerve trunk 



Such IS a very simple t3^e of nerve path mvolved m reflex action Generally 
a reflex path mvolves additional neurones, which are confined withm the 
C N S. There are large numbers of neurones whose whole length is confined 
to the C N S , runmng up or down, carrymg impulses from afferent neurones 
at one level to efferent neurones at another. Two great meeting places within 
the C N S, for neurones which run forwards to the head and backwards 
to the posterior extremity of a Vertebrate are the two parts of the brain 
known as the cerebrum and cerebellum (Fig 474) 'W^en the bram is 
destroyed these paths are ehminated and partly for this reason, partly for 
others which wiU be referred to later, the behaviour of the pithed frog is much 
simpler, and therefore more smtable for the study of reflex action than that 
of the normal animal. 

The existence of nerve tracts runmng up and down the spinal cord can be 
demonstrated m a very simple way When a dark chameleon, i.e a chameleoix 
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which has been kept a few minutes m bright hght m a cool loom, is stimulated 
by an altematmg current firom a shockmg coil by electrodes apphed either 
to the roof of the mouth or to the anal onfice, the animal becomes e-ktremely 
pale after about a mmute If the spmal cord has been cut with a pair of 
dissecung scissors about the level of the eighth vertebra generahzcd pallor 
does not result from stimulatmg the mouth Tne skm becomes pale only in 
the half of the body m front of the cut (Fig 472) After stimulatmg the cloaca 
the body becomes pale only on the posteiior side of the cut 

The nerve fibres that supply the striped muscles of the limbs, etc , have 
their cell bodies m the grey matter of the cord The nerve supply of the 



Fig 472 — EFFtcr of Eleciricai. Stimulaiion oi xiir Rooi oi hil Mouth in 
THE Cape Chameleon when the Spinal Coed is Sevield at C 

smooth muscles, of the muscles of the heart, and of the glands (as well 
as that of the pigment cells of the chameleon or fish) is somewhat different 
Connected with each pair of spmal nerves by fine trunks known as rann 
comnmmcantes are certam swellmgs of nervous tissue containing nerve cells 
as wen as fibres and therefore caUed gangha, <»: usuaUy sympathetic ganglia 
(Fig. 471) When the ranu or gangha themselves are stimulated by an 
electrical current from a shodmg coil, characteristic responses of the 
musculature of the gut, walls of the arteries and generative passages, glands, 
etc , occur When the gangha are pamted with the drug mcotme, stimulation 
of the ranu does not evoke these responses Smee pamting the nerves them- 
selves does not prevent their abihty to transmit impulses, mcotine appears to 
act pttmanly on nerve cells vduch occur m the ganglia. These nerve ceUs 
belong to neurones which supply the gut, glands, etc. They can be distm- 
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guished &om eflferent neurones which supply striped muscle via the spinal 
nerves and fiom the nerve fibres which pass out of the cord to the gangha 
via the lami commumcantes, because no fatty sheath (medulla) sur- 
rounds the fibre itself The nerve fibres that ongmaie m the gangha are 
therefore called non-medullated fibres The fact that mcotme prevents the 
conduction of nervous impulses beyond the ganglia by paralysmg their nerve 
cells shows that plam muscle, glands^ etc , of the body are not directly inner- 
vated by the fibres with cells in the grey matter of the coid Impulses leavmg 


crr*d 

* 



Fig 47S — Diagrammatic Representation of the Nerve Paths Involved in the 
Control of ihe Pigmentary Effector System of the Chaivieleon 

For the purpose of diagrammati7ation the number of ganglia is reduced, and the 
ascendmg and descending afferent paths from cloaca and mouth respecavely are 
represented in each case by a smgle neurone Section of the cord alone anterior to A 
restricts the pallor following stimulation of the mouth, to the region in front of the 
cut After section of the cord alone at the level mdicatcd by stimulation of the roof 
of the mouth pioduces generalized pallor of the whole animal with the exception of 
the tip of the tail 

the C N S for effector organs other than, striped muscle pass m the gangha 
to a second relay of neurones. Thus the sympathetic gan^a are distributive 
centres which permit impulses arriving from the cord along a smgle fibre to 
set up relay impulses in large numbers of non-medullated fibres gomg to 
different destinations 

In the region of the spinal cord — ^the part of the C N S of a vertebrate 
enclosed by the spinal column — a pair of nerves with motor and ganghonated 
roots anses between each pair of vatebrae. The mam nerves to the limbs, 
such as the saatic nerve, are formed by the muon of several of these The 
anterior end of the G N S is considerably swollen and enclosed within the 
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skull From this region, the brain (Fig 474), ten pairs of nerves called cramal 
nerves come oflF* These nerves — especially those of the anterior end of the 
bram — are not built on the same plan as ihc spmal nerves The same nerve 
does not always contam both afferent neurones and efferent neurones supply- 
mg striped muscle They have vanous names, but are conventionally denoted 
more briefly by Roman numerals Startmg from the most anterior pair they 
are I the Olfactory nerves from the nasal receptor surface purely afferent 


1 



Fig 474 — Diagrammatic Representahon or the Clktrai, Nirvous Sysilm 

OF Man 

II the Optic nerves from the retma purely afferent III, IV and VI are 
efferent nerves supplymg the striped muscles which move the eye in its socket 
AH vertebrates have six of these m eadb eye socket or orbit The remammg 
cranial nerves, V, VII, IX, and X contam afferent neurones — V from the skm 
of the face, and m mammals the pulp cavities of the teeth, VII from the skm of 
the face, and m mammals the receptive surface of the tongue, IX and X 
from the respiratory and digestive tracts They also carry medullated fibres 
with cells m the bram itself Some of these go to the musdcs of the face and 

* Two additional nerves, numbered XI and XII, are Incorporated m the skull 
cavity in man and other mammals 
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throat Others end in connexion with short non-meduUated neurones in the 
musculature of the gut or heart Stimulation of the Xth or Vagus nerve of 
the frog, as m our nearer aUies (e g rabbit or dog), always results m slowing 
and enfeeblmg of the heart beat This nerve exerts a restraining influence 
on the rhythm of the heart 

The bram is, therefore, the part of the G N S which receives impulses 
from the most important receptoi organs — the eye, ear, and olfactory mem- 
bianes, transmittmg them by the descendmg neurones withm the C N S 
to the efferent nemrones that arise fiom the cord at different levels A frog 
m which the bram has been destroyed may be kept ahve mdefimtely, and its 
behaviour is very much simpler and therefore more easy to prescribe after 
careful study It is no longer subject to the very vaned stim uli of ever- 
changmg images from the retma, and of smells or noises m its vicimty The 
mterplay of all these helps to make the behaviour of the mtact frog a much 
more comphcated affair 

IHE NERVOUS IMPULSE AS A PHYSICAL EVENT 

As stated earhei, nerve physiology received an impetus to renewed study 
from Galvam’s esqpenments on reflexes The juxtaposition of discoveries 
about current electricity and the properties of nerve and muscle at the 
threshold of a new era of ijesearch into electrical phenomena is the dommant 
feature m the soaal background of behaviour analysis Modem biology began 
with Harvey’s work in the soaal context of the common pump Modem 
neurology begms with the work of Helmholtz m the soaal context of 
telegraphic commumcation« After the discoveries of Oersted and Ampere, 
progress m the study of electromagnetism provided new instruments for 
the study of problems which could not have been assailed successfully at an 
earher date* 

Before the work of Galileo, of Tomcelh and of Hooke, human breath had 
been amma or spints TiU Wohler synthesized urea, spmts contmued to 
haunt orgamc chemistry* Thereafter they confined their attentions to the 
nervous system Durmg the forties of the mneteenth century, Muller, who 
made valuable discovenes about the path of the nervous impulse, described 
It as an “imponderable psychical prmaple ” A smgle deasive experiment 
earned out by a physiast whose name is assoaated with discovenes m current 
electnaty exorazed the spmts of the reflex arc This was m 1851, when the 
cross-Channel cable was laid, and only five years before the Atlantic Company 
of Cyrus Field was registered 

The task of Helmholtz had been made easier by the progress of moral 
philosophy m the precedmg century A German philosopher called Kant 
had devised new tests for identifymg spmts One was that they are not 
Ixithered about punctuahty and have no respect for clocks The mvention 
of the electromagnet made it easy to devise new methods for signalhng the 
bg fflrmin g and end of a process which occupies a very short mterval, and 
therefore to deade whe&er the nervous impulse is a genumely Kanuan 
spook. 

In measuring the speed of sound we can use kg^t signals, because the 
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speed of light is enormous compared with the speed of sound The speed of 
the electric current is of the same order as the speed of hght 5 and electric 
signals are used for finding the speed of sound m a hquid This was the 
principle of the method which Helmholtz used m the first dete rm i n ation of 
the speed of the nervous impulse To measure the time between stimulation 
of a nerve by an electric shock and the contracuon of its attached muscle 
the essential apparatus (Fig, 475) is (a) an electiomagnet to signal (see also 
Fig 433) when the shock is given, {b) a tunmg fork (see also Fig 196) to 
record time, and (c) a lever touching a revolvmg drum coated with lamp- 
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Fig 476 — ^Apparatus for Determining the Speed of hie Ni rvous 

Impulse 

A pm on the &8t drum makes and breaks contact with the key when the tip of the luver 
IS at the same pomt m each revolution The current m the secondary i^ strongest at 
the break, and it is this which stimulates the nerve Two records are Liken, one with 
the secondary current passmg through a and the other with u passing through 6 1 he 
records are then compared as shown m Fig 47(> 


black to trace out the shortemug of the muscle There is a measurable delay 
between the shock and contraction, and the delay is less if the shock is 
apphed nearer to the musde. If we stimulate at two pomts and divide the 
distance between them by the delay, we get the rate at which the nervous 
impulse travels (Fig. 476). In the ficog at 12® C. the speed of the nervous 
impulse IS about miles an hour. 

In this sense the nervous impulse is a physical event like the production 
of an edio or die flash of an esplosion, and it other physical characteristics, 
among whidi is the fact that it is.not imponderable. Just as we can weigh the 
carbon dioaade produced by a tune fuse of gunpowder, we can weigh the 
carbon dioxide produced m the passage of the nervous impulse along a nerve. 
With apparatus used for the esperiment described m Figs. 476-6 we can 
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also show that its speed is affected b> raising or lowering the temperature, 
hire the speed of an ordinary chemical reaction 

Like other physical phenomena it is accompamed by the production of 
heat The discovery of this fact is another illustration of how progress of nerve 
physiology depends on progiess m electrical science The heat produced is 
minute and momentaiy It can only be measured witli the use of smtable 
thermopiles and highly sensitive galvanometCiS, which now make it pos- 
sible (see p 700) to estimate a momentary rise m tempeiature of one 
ten-milhonih of a degree centigrade 

The chemical changes which occur along a nerve when the nervous im- 
pulse is said to travel se it, are associated with measuiable electrical pheno- 
mena Galvam bcheved that elecuical currents produced when two different 
mettils with their ends connected touch the moist surface of a piece of hvmg 
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Fig 476 — ^iHE Speed of the Nervous Impuise 

Muscle record showing delay of contraction when the attached nerve is stimulated 
at different pomts (A and B) along its length 


ussue are due to the acuvity of the hvmg nerve Volta showed that this is 
not so None the less Galvam’s behef that electrical phenomena are character- 
istic of tlie nervous impulse was well groimded, and it may be that he had 
good reasons for his behef A simple experiment which suggests this can be 
performed by laymg one nerve-muscle preparation across another If the 
nerve of one of them is stimulated by mechamcal pressure, as by pmching 
with forceps, the contraction of its own muscle will often be accompamed 
by the contraction of the other one In his own time it was not possible to 
follow up the experiments of Galvam, because there were no sensitive devices 
for detecting currents of short duratiom When photographic recordmg and 
sensitive galvanometers responding to short-hved currents were mtro- 
duced, the study of electncd phenomena m tissues was renewed, notably 
by du Bois Raymond and Burden Sanderson. This was about the time when 
Helmholtz first m^sured the speed of the impulse 

If two electrodes (i e metal pomts) m circuit with a sensitive galvanometer 
are placed dose together at any pomt along a nerve the galvanometer registers 
an instantaneous deflection when the end of the nerve is pmched. If two 
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pairs of electrodes are placed at a measured distance along the nerve the 
deflections can be photographed on a revolving film If the vibrations of a 
tunmg fork, to act as a tune marker, are also recorded on the film, it is pos- 
sible to measure the mterval between the first deflection of the galvanometer 
connected to the electrodes farthest away from the muscle and the second, 
which occurs m the galvanometer connected to the electrodes farthest from the 
pomt of stimulation The measured distance separatmg the electrodes divided 
by the time mterval gives the speed of the local electrical change This agrees 
with the speed of the nervous impulse 

Like the nervous impulse, the phenomenon of receptivity, 1 e what occurs 
m the “sense organ*^ or receptor area when a stimulus acts on it, is itself an 
electrical phenomenon The physical change which occurs m the receptive 
area, when the appropnate stimulus is apphed to it has been mvestigated 
most extensively m connection with sight When a beam of hght falls on the 
retina, it gives nse to a difference m electrical potential between the illu- 
mmated region and the surroundmg tissue which is not stimulated This 
potential difference persists while the stimulus is apphed and disappears 
when the source of hght is cut off It is not constant dunng the penod of 
stimulation, but shows a very charactenstic variation In the frog’s eye it 
has three well-defined phases each with its own duration, magmtudc, and 
latency, correspondmg to successive and separate photochemical reactions 
occurnng m the retina, when it is stimulated by hght The photoelectnc 
reaction of the eye was first discovered by Holmgren m 1866 Such potential 
differences can only be detected, recorded, and measured accurately with 
galvanometers of high frequency and great sensitivity So progress along 
this hne of enquiry has marched in step with electrical discovenes Recently 
the tedmique of these measurements has been greatly improved by Adrian, 
Forbes, and others who have adopted the use of amplifiers such as are 
employed m wireless transmission. With such apparatus it is now possible 
to detect electrical changes m the human brain, when it is involved in carry- 
mg out mtellectual tasks 


THE STUDY OF “SENSATIONS” 

Of four methods which have been used to identify the locahzation of 
receptivity m the lower animals the one which is easiest to apply depends 
upon the possibihty of isolatmg some type of response invariably asso- 
ciated with the application of a specific external agent. The study of colour 
change m frogs and toads has already provided an illustration of its use The 
task of isolatmg a response which can be rehed on to manifest itself under 
specifiable conditions mvolves extensive prehminary enqtury. Two types of 
response are easily handled m experiments of this sort. One is the normal 
balancing movements by which the body maintains the charactenstic 
onentation to its surroundings imphed m stating that it is the “right way up.” 
The other is the highly characteristic posture which many animals adopt 
when subjected to angular acceleration m the horizontal pla^. 

Normal balancing movements usually involve orientation with reference 
to three distmct external agendes—tbe direcuon of inadent illumination. 
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the mechanical pressure exerted by the weight of the body on the stirface 
with which It IS m contact^ and finally — in some respects most important of 
all the direct mflaence of the earth^s gravitational field Receptivity to 
gravitational attraction (georeceptivity) completely eluded mtrospective 
speculation concerning the sense organs^^ imtil the experiments of Flourens 
on the mternal ear of birds in 1828 These provided a clue to the significance 
of dizzmess m the human subject 

The identification of the receptive fields is sometimes facihtated by the 
circumstance that one or other of these agencies exerts a predommant influ- 
ence on bodily equihbration When this happens the animal is said to display 
phototaxis^ stereotaxis^ oi geotaxis accordmg as the influence of lights contact^ 
or gravity predominates Thus barnacle larvae collect at the bottom m dark- 
ness and at the surface of a contamer m hght Their positive geotaxis in 




biG 477 — Diagram lo iLLUsiRArt Movement or Insect (Hover Fex< 
Towards the Light 

darkness is completely overruled by their positive phototaxis in hght When 
the influence of either hght, or gravity, or contact predommates over the 
other two, the receptive fields can be defined by a process of exclusion 
Pronounced phototactic reactions are well seen m some msects The 
flight of the moth to the candle is proverbial Insects are one of the few 
groups of famili ar animals m which no georeceptors have been located 
In flight their tactile receptivity does not come mto play Then orientation 
to their surroimdmgs then appears to be largely determmed by hght In 
general the phototactic movements of msects depend on two facts (a) hght 
acting on the same region of the same eye reflexly mcreases the tension of 
muscles on one side of the body and reflexly relaxes the same ones on the 
other; (i) hght actmg on one part of the eye produces contraction of a par- 
ticular group of muscles and hght actmg on another part of the same eye 
produces reflex relaxation of the same group of muscles Thus if one eye of 
the hover fly, Enstahs^ is blackened, a beam of hght focused on the anterior 
miirgin (A, Fig 477) of the other eye makes the animal bend the legs of the 
same side forwards and the legs of the other side backwards, so that the 
body tilts away from the side lUummated* If a beam is directed on the 
postenor edge (P, Fig, 477), the legs of the opposite side are bent forwards 
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anH the legs of the same side backwards so that the bod/ tilts towards the side 
iHummated A comparattvely feeble beam actmg on the posterior margm 
will compensate the effect of an mtense illummation of the region m front 
When a fly is movmg along a beam of hght the posterior edge of neither eye 
gets much hght and one gets as httle as the other W^hen it is deflected to the 
right, the posterior margm of the left eye gets moie hght (Fig 477) and this 
brmgs about the tiltmg of the body to the left Its direction of movement 
IS at once restored, so that the eyes are illuminated symmetrically This is 
only realized when the axis of the body is in hne with the source of hght 
The majority of animals are not predommantly influenced by any smgle 



Fig 478 — Section throogh Right Homan Eak Seen from thl Front 

Vert Diagrammatic 

Each sesu-cuculac canal is really completely surrounded by bone Just as any move- 
ment m space can be represented on three rectangular co-oidinatcs, so any movement 
of the head is represented as component movements of the endolymph of the three 
canals These movements of the endolymph stimulate sensory stiuctures m the canals 
and so produce impulses m the auditory nerve, leading to reflex muscular move'ments 
tendmg to bring the head back to its normal position Sound vibrations are transmitted 
to the cochlea via the eardrum, the auditory ossicles (which magnify tiie vibration 
of the ear drum) and the fluid surroundmg the labyrmth 

type of external stimulus To identify one form of receptivity and its 
appropriate field it is necessary to exclude the influence of the others. 
This IS done by removmg the stimulus itself when the stimulus is hght, 
or by removing the receptor organs when the stimulus is gravity The 
majonty of a nim a l s retam their ch^ctenstic bodily onentation m complete 
darkness or after removal of their photoreceptive organs. Stereotactic reac- 
tions are seen m their most pronounced form m nniTnala which hve m 
crevices and under rocks and stones. Geotactio reactions usually play an 
exceedingly important role m the bodily onentation of aquatic animals. 
A blinded dogfish s wimmin g m very shallow water will right itsdf even when 
derived of its georeceptors. The ta c til e axeas associated with the aetnnttUm 
of the appropriate groups of mnsdes toought into play in the mnvezaent of 
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equilibration, which the dogfish executes each time it touches the bottom 
with Its fins or belly, have been mapped out by Maxwell 

It IS fairly obvious that neither photoreceptivity nor tactile receptivity 
explams how a bhnd cat falls on all fours^ how a blinded dogfish swims with 
perfect propiiety m deep water, or how a bhnd bird mamtams its natural 
posture m flight Movements of this soit mvolve a special type of receptor 
organ In vertebrate animals it is part of the ear If the portion of the mtemal 
ear (labyrmlhme organ) (Fig 478) known as the utnciilus with its three 
seim-^circiilar canals at nghl angles to one another is removed on both sides, a 
fish or frog is quite unable to swim in deep water The vertebrate lab^ycmthine 
organ is an elaborate modificauon of a type of receptor oigan which many 
aquatic animals possess Those of the shrimp are located m its feelers 

Shrimps are able to mamtam their normal orientation when swimming 
in complete darkness or m dayhght after removal of the eyes, and they can 
swim normally, if lUummated from above m the usual way, after their feelers 
have been removed They will not orientate themselves m darkness after 
removal of the feelers, and if illummated from below, they swim on their 
backs If deprived both of their eyes and of their feelers, they are mcapable of 
executing rightmg movements m the hght If one eye and both feelers or one 
feeler and both eyes are removed they swim on one side If one feeler and 
one eye aie simultaneously lemoved they execute spirals If deprived of both 
eyes and both feelers a shrimp will still adopt the correct attitude, when 
resting on the bottom These facts are exphcable on the assumption that the 
bodily equihbration of a shrimp is sufficiently detenmned by any one of three 
agenaes by hght acting on the eyes, by the influence of the earth’s gravita- 
tional field on some part of the feelers, or by the effect of pressure on the 
tactile receptors at the extremities of the limbs, when in contact with a solid 
surface Ordmanly at least two of these three organs of recepuvity reinforce 
one another Expenmentally their effects are separable 

At the base of each of the feelers m the shrimp there is a sac known as the 
statocyst Sensory nerves connect it with the brain, and these nerves end m 
the membrane hmng the sac The membrane itself is covered with sensory 
hairs on which rests a small mass of chalk and sand (the HatolitJi) which is free 
to move in the fluid interior of the sac, when the body is tilted The displace- 
ment of the statocyst constitutes the reflex stimulus to those movements of 
equihbration which are determined by the influence of gravity. It is possible 
to replace the statohths of a shrimp by iron filings The experiment was first 
performed by Kreidl, who mvesngated the effect of supenmposmg a very 
strong magnetic field on the earth’s gravitational attraction. By a simple 
operation the ammal is now endowed with magnetic receptivity It orientates 
Itself with reference to the Imes of magnetic force 

The utnculus of the human ear or that of any other vertebrate also 
contains solid calcareous particles. The effect of a jerky movement is that 
the statohth hits the wall opposite to that against which it will subsequently 
he, as our bodies do when a tram starts suddenly If the mtemal ear of a dog- 
fish IS exposed it will execute the reflex responses characteristic of a tilting 
movement of the body when the statocyst is gently pushed m the opposite 
direction. By setting the fitud of the internal ear in motion m turning round 
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repeatedly^ we can abolish our own georeceptivity, becoming ”dizzy” and 
losing limb control If human bemgs had been endowed with magnetic 
receptivity the great westerly navigations might not have been postponed till 
the advent of the manner’s compass and mechamcal clocks 

An ariiTTifll can be subjected to angular acceleration at right angles to gravity 
by puttmg it on a revolvmg turn-table Its labyrmthme organs ini t iate rehex 
movements which give it a defimte orientation to rotational displacement In 
general vertebrates respond to rotation on a tufn-table by a contrary move- 
ment of the head durmg rotation When rotation stops, the head is deflected 
m the direction opposite to that which is sustamed durmg rotation Analogous 
movements of the eyeball occur During the rotation the eyes turn m the anti- 
clockwise direction, if rotation is clockwise, and then m a clockwise direction 
when the rotation is brought to an end Postural changes m the limb and 
trunk muscles also occur The forced posture of a jfrog or a lizard mitiated 
at the beginmng of rotation is sustamed without dimmution until the move- 
ment stops An opposite after-effect then supervenes for some seconds 

The posture which some animals adopt durmg rotation and the after-effect 
are completely abohshed when the lab5nrmths of both sides are destroyed. 
If the eyes of other speaes are removed, or if the animal is rotated within a 
uniform grey cyhnder so that the retmal field of stimulation remams im- 
changed durmg rotation, the angle of deflection of the head is smaller durmg 
rotation, and the after-effect is exaggerated There is a retmal component 
tenSmg to heighten the effect of the labyrmthme reaction durmg rota- 
tion and to dimmi sh the after-effect on account of its much smaller menaa 
In some lizards the retmal component has been shown to play a more 
promment role In ordinary rotation the deflection of the hz^d’s head is 
pronounced but the after-effect obtamed with normal animals is small 
In the blmded animal the deflection durmg rotation is almost abohshed, but 
a very pronounced after-effect ensues This is not true of the clawed toad 
which is an aquatic animal hvmg m muddy water Its normal equihbratmg 
movements depend far more on the influence of gravity than those of a hzard, 
which crawls on its belly and depends more on its tactile receptivity and the 
use of Its eyes. 

In turn-table experiments with mammals and birds, we encounter another 
feature which mtroduces a new form of receptivity. Like the labyrmthme 
function It IS one which hes outside the range of the five senses of mtro- 
spective philosophy At the begmning of rotation a pigeon executes the 
same type of head and eye movement as a frog or a lizard, but no stable 
equihbnum is attamed When the neck has been turned through a certam 
angle, it jerks back to its ongm a l position This process is rhythmically 
repeated (nystagmus) durmg the rotation. 

The mtrospectionist confionted with this phenomenon will find himself 
on more fa mili ar ground. Here is a tempting opportunity for mvokmg the 
exerase of a controlling **wiU** on the part of the animal which is "“^con- 
saously” stnvmg to regam its normal posture. There is no objection to 
usmg ^e term * iff we are quite dear what it means. When we have 
discovered what is meant by willing^ in this context, we also discover that 
other words can also describe what is taking place. Experimental analysis 
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shows us that the animal responds to the stretching of its own muscles by reflex 
contraction of other ones When a certam tension is reached, the neck and 
eye muscles contract reflexly, thus re-estabhshmg the pre-existmg posture 
In this condition the animal is again free to respond to disturbances of 
lab3^mthme or retmal ongm The head and eyes are agam deflected So 
the process proceeds rhythmically 

Animals are endowed with receptor organs which register the state of 
extension of the muscles and their tendons Reflex activity is imtiated both by 
changes m the external world and changes which have their seat m the body 
Itself Some fishes possess an elaborate arrangement which records the state 
of distension of the gas bladder One would say m the older termmology they 
have a ‘‘sense of depth ” Proprioceptive reflexes, i e reflexes which arise m 
the mtemal receptive fields, were first known to exist m connection with the 
legulation of the heart beat The existence of microscopic structures m 
muscles and tendons,* suggestive of sense organs on account of their con- 
nexion with nerves entermg the spmal cord by sensory roots, was known for 
some years before Sherrmgton gave the first experimental demonstration of 
the existence of proprioceptors m the skeletal muscles We know (p 1023) 
that the spmal nerves of vertebrates are connected with the central nervous 
system by two roots, one composed exclusively of motor fibres conveymg 
impulses to the musdes, the other known only to contam sensory fibres con- 
veymg impulses to the cord j&om the receptor organs Sherrmgton found that, 
when muscles are stretched, an opposmg tension is superadded to their 
elastic resistance This tension, which is of considerable magmtude, is com- 
pletely abohshed after cuttmg the sensory roots of the nerve which supphes it 

A second method used for explormg the receptive field depends on the 
physical nature of receptivity, and may be illustrated by comparative studies 
on vision. The octopus and its alhes have large and powerful eyes Observa- 
tions upon the normal behaviom: of the octopus m hght do not provide 
us with defimte evidence for their visual function While it is permissible 
to entertam the likelihood that the eye of the octopus is a receptor for hght, 
because the structure of the eye of the octopus is very much like that of a 
vertebrate, anatomical considerations cannot assist us to define the function 
of the eye with any precision They do not help us to specify the range or 
discnmmation of vision They provide us with no reason to suppose that 
the eye of an octopus is sensitive withm the same hrmts of wave length as 
our own eye They do not tell us whether the eye of the octopus, hke our 
own eye, distmgmshes between different wave lengths, and if so, what 
differences Without recourse to a study of the behaviour of the orgamsm 
as a whole we can obtam direct evidence concenung the photorecepuve 
character of the eye of an octopus by the expedient of recordmg the photo- 
electnc current in the retina. The eyes of some vertebrates give nse to 
electneal variations which have charactenstic features for different regions 
of the spectrum. Their eyes can distmguish colour 

Qosely analogous to this Ime of attack is a third method which has been 

* The knee jerk is a proprioceptive reflex, the sense organs concerned lying m the 
thick tendon which can be felt between the knee cap and the shin bone A tap below 
the knee stretches this tendon and so stimulates the proprioceptors 
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employed m the recogmtion of chemical receptivity and has been used to 
reinforce earher methods for the study of the proprioceptors Although it is 
difficult to isolate mvariable and highly characteristic olfactory or gustatory 
responses m animals, it is possible to apply a succession of chemical stimuh 
to different regions of the body and record the discharge of sensory impulses 
in the afferent nerves arismg therefrom, by means of a sensitive galvanometer 
The pike, which has a very long and accessible olfactory nerve, has provided 
suitable material for mvestigatmg what chemical stimiih act upon the nasal 
organ of a fish Some of the earhest studies on the recordmg of the neivous 
impulse m sensory fibres were earned out on the olfactoiy nerv^e of this 
animal This method will probably be used with mcreasmg confidence as 
the techmque of recordmg afferent impulses is perfected Up to the present 
Its most important achievement has been to confirm the CMstcnce of the 
propnoceptors Emthoven has shown that every heart beat and every 
respiratory movement discharges a volley of afferent impulses along the 
vagus nerve to the bram Jolly, Adrian, Forbes, and others have shown 
that sensory impulses pass up the spmal nerves when a skeletal muscle is 
stretched 

Galvanometer records of nerves of which the fibies appear to be of the 
afferent or sensory type (i e nerve fibres whose cell bodies are not located in 
the central nervous system) can be used successfully to mvestigate receptivity 
which does not correspond to any type of human sensation Thus recent 
experiments have shown us how seeing fishes may be able to respond to vexy 
feeble currents m the medium in which they swim On cither side of the 
body many fishes have a promment Ime which marks the position of a system 
of canals and pits lymg m the skm and commumcatmg with the exterior 
This lateral line system is nchly supphed with nerves which would be classi- 
fied on structural grounds as sensory It is possible to pick up volleys of 
electrical disturbances from them, m response to shght variations in the rate 
at which water can be made to flow m the lateral line canals 

A picturesque apphcation of electrical methods to the analysis of sensation 
has been made m connexion with the study of acoustical sensation by Wever 
and Bray, whose work has been confirmed and extended by Professor Adrian 
and his colleagues If electrodes are placed upon the auditory nerve, the electric 
currents which arise when the ear is stimulated by sounds can be amplified 
so as to reproduce speech as well as notes of high and low pitch The hvmg 
cells of the ear of a cat or a gumea-pig record the sound as electrical changes 
of which the frequency is faithfully reproduced by the physical mstrumcnL 
Speech is recorded as mtelhgible speech This phenomenon can be completely 
abolished by anaesthettang the receptive cells of the cochlea (Fig* 478). It 
can be inhibited by depnvmg them of oxygen when the circulation of the 
mtemal ear m blocked. There is therefore conclusive proof that it is not a 
physical artifact. 

Litde IS known about existence of special sound receptors outside the 
vertebrate senes What we know of the phenomenon m vertebrates them- 
selves IS also based on a fourth method of mvestigation. Like the preceding 
methods, that of conditioned dtscrmmadon is capable of 
great accuracy the range and threshold of the effb^vc stimulus as well as 
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the limits of the receptive field With a few exceptions such as the ‘‘pinna 
reflex” (i e prickmg of the ears) m the dog, animals shew few simple and 
highly characteristic types of lesponse to sounds imconditioned by trammg 
Consequently observations upon normal behaviour are of httle use'm the 
search for receptors for sound Acoustical receptivity is chiefly found in 
animals with a well-developed aptitude for the formation of “conditioned” 
responses In human bemgs, among whom acoustical receptivity plays such 
an important part m the process of comniumcation, it is associated with the 
most complex characteristics of behaviour which are known to exist 

The method of conditioned discrimmation makes use of the possibility 
of buildmg up new reflexes of the type which Pavlov, then discoverer, calls 
conditioned leflexes If any agent to which such an animal as the dog is 
receptive is apphed repeatedly in conjunction with the appropriate stimulus 
to some simple mvariable response, it eventually acqmres the property of 
evoking the response unaccompamed by the ongmal or imconditioned 
stimulus In his studies on conditioned reflexes Pavlov has chiefly employed 
the copious secretion of sahva, when food is presented to a dog, as the basic 
or unconditioned reflex The sound of a bell, a metronome, or a tunmg fork 
may be used as the conditioned agent to bmld up a regular and controllable 
response to soimd 

Pavlov has used this method to test the limits of discrimmation of dogs 
to pure sounds of different wave lengths It has also been used to demon- 
strate acoustical receptivity m fishes Working m Pavlov’s laboratoiy, Andreev 
employed it to test the theory that different vibrating elements m the cochlea 
of the mtcmal car act as resonators which pick up individual wave lengths 
An experiment of this land may be quoted m the words of Pavlov himself 

Pure tones weie employed, bemg produced by two sets of apparatus, one 
givmg tones from 100 to 3,000 and the other from 3,000 to 26,000 double 
vibrations per second Various conditioned ahmentary reflexes were estab- 
hshed The cochlea was first completely destroyed on one side When 

tested for the first time six days after operation, all the auditory conditioned 
reflexes were found to be present A second operation was now performed on 
the cochlea on the other side with the object of excludmg only the lower part 
of the tome scale 1 he osseous part of the cochlea was opened at the jimction 
of Its middle and upper thirds and the exposed part of the membranous cochlea 
with the organ of Com was mjured with a fine needle Already on the tenth 
day of the operation all the auditory stimuli exceptmg tones of 600 double 
vibrations per second and lower were foimd to be fully effective In the course 
of three months following the operauon, however, the effect of tones from 
600 to 300 double vibrations per second became gradually restored From 
numerous tests earned out from this period up to two years after the operation, 
the upper hmits of the tones that had disappeared was fixed as somewhere 
between 309 and 317 double vibrations per second 

This method can be used, as m this experiment, to locate the scat of 
receptivity with great dchcacy It can be used with great precision to define 
discrimination, e g of pitch and colour m the receptor organ itself It can also 
be extended to the study of the way m which stimuh are generali7ed, selected, 
and synthesized mto effective groupmgs as signals of response through the 
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activity of the several parts of the forebram on which the afferent impulses 
from the receptor organs impmge Whether he is dealmg with the imtial 
activity of the sense organ, the process initiated by the sensory impulse m 
the bram, or the tuitional aspect of sensation, the experimental biologist 
communicates discovery without relymg on traditional forms of speech If 
he is studying the ear, experiment enables him to define the position which 
an animal will assume, when rotated on a turn-table, to control its posture 
m swimmmg by operatmg upon the lab5mnthme organ, to specify the recep- 
tive areas m the utriculus and the semi-circular canals mvolved m the imtiauon 
of balancmg movements, to detect the range of sounds to which the orgamsm 
reacts, and the parts of the cochlea which are recepuve to different tones To 
discuss whether an animal “feels dizzy” or “enjoys” music adds nothing 
to danty of exposition or the confidence with which it is possible to control 
the decisions an animal will make 

LEARNING 

Pioneer studies on behaviour were mainly concerned with relatively stable 
responses to immediate changes m the environment Such responses of 
which colour change, balancmg movements, or “defence” reactions (e g 
withdrawal of the frog’s toes from warm water) are examples, largely deter- 
mme the pattern of so-called “mstmctive” b^aviour among such ammals 
as msects or worms Among the vertebrates, especially the mammals, the 
behaviour pattern of an mdividual is less stable, less easy to dissect, and 
hence more difficult to control This complexity of behaviour is associated 
especially with the growth of the forebram If the roof of the forebram 
(cerebral cortex) of a dog is removed imder deep anaesthesia with asepuc 
precautions, the animal wiU survive mdefinitely, and is able to feed or balance 
Itself, excrete normally, and avoid obstacles m its path While fully able to 
carry out these so-call^ instinctive responses it is unable to form new modes 
of reacuon to its surroundings It has no power to leam 

The word learning is given to at least two distmct processes One is 
respondmg to a new stimulus by an action which formerly required a different 
signal For mstance, a dog, w^ch will jump on to a table when a lump of 
sugar is offered to it, may “leam” to do so at the sound of his owner’s voice 
The other is the evolution of new and more complex modes of action, as when 
a parrot “learns” to repeat words. So far nothing has been foimd out about 
the latter On the other hand, the experimental researches of Pavlov’s school 
m Russia have led to new discoveries about how to control learmng of the 
first kmd. In dxscovermg reapes for doing so we need not depart from the 
language we use m discussmg reflex actions. 

Pavlov’s mvesugations began with the study of sahvary secretion m dogs. 
A dog which has been depnved of the forebram secretes saliva when food 
is mtroduced mto the mouth The intact adult can also secrete sahva when 
food IS brought within the range of its eyes or nostrils. In the adult the sight 
or smell of food is therefore an appropriate stimulus for reflex sahvary 
secretion. The ringing of a hdd is ordinarily without effect on the secretion 
of sahva If the nngmg of a bell is repeat3ed a certam number of times, when 
fppd IS also presented, it eventually comes to evoke salivary secretion when 
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food does not accompany it A previously mdifferent stimulus applied to the 
mtact animal at smtable mtervals simultaneously with the apphcauon of a 
stimulus which evokes a reflex response imconditionally acquires the property 
of evokmg the same reflex response when unaccompamed by the ongmal 
or ^‘imconditioned” stimulus A new reflex has been built up This can only 
happen if the forebram is present Dogs without a forebram do not form 
new reflexes 

Reflexes of this kind are called conditioned reflexes, and the previously 
indifFerent stimulus is called the conditioned stimulus Any event m the 
external world which affects a receptor organ may become a conditioned 
stimulus to the miact animal, provided external conditions are rigidly 
standardized in other respects To become one it must accompany the 
unconditioned stimulus a suJQSicient number of times, dependmg on whether 
the apphcation is precisely simultaneous, whether the conditioned stimulus 
begms to operate before the unconditioned, overlappmg it m duration or 
separated firom it by a short mterval The task of de fining the facdity with 
wluch a conditioned reflex is built up mvolves a study of the significance 
of the interval between successive apphcations of both s timuli and of the 
juxtaposition of conditioned and unconditioned stimulus In definmg the 
conditions which brmg mto bemg a new reflex system by this method, we 
are mvestigatmg a class of phenomena which would formerly have been 
attributed to an autonomous “memory.” By usmg experimental methods 
we can amve at defimte conclusions about when and whether an event 
will occur without recourse to the usual descriptive epithet 

What It has been the custom to call memory is only one aspect of the 
problem of “consaous” or “voluntary” behaviour, that is to say aspects of 
behaviour which are spatially referable to reflex paths m the forebram 
Though an animal is constantly subject to the simultaneous apphcation of 
many mdifferent and unconditioned stimuh, its behaviour is selective This 
IS one aspect of what we call attention. To discover the conditions which 
prevent new reflex systems ficom commg mto being, or extmgmsh them when 
they have become established, was perhaps the most important aspect of 
Pavlovas work, because an understanding of this part of the problem imderhes 
the successful control of experimental procedure. The possibihty of isolatmg 
a conditioned reflex for study imphes the existence of some inhibitory agencies 
which prevent the normal surroimdmgs of the laboratory from exertmg a 
significant influence on the course of the experiment. The inhibition of 
conditioned reflexes is a complex question, and its complexity shows that 
they offer a broad basis for the mterpretation of “consaous” behaviour m 
general and the mterpretation of attention m particular. 

Two important types of inhibition are respectively called inhibition by 
extinction and conditional inhibition The first term refers to the fact that an 
mdifferent stimulus which has been converted mto a conditioned stimulus, 
and IS then allowed to act repeatedly without the unconchtioned stimulus, 
gradually loses its potency, regainmg it after an mterval of rest Conditional 
mhibition is the extinction which occurs when a new mdifferent stimulus is 
superimposed upon the rffecmve phase of a conditioned stimulus A third 
and espeaally important form of inhibition is the extinction of a state of 
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inhibition by conditional inhibition^ or as Pavlov calls it, inhibition of inhibi- 
tion Let us suppose that an organ note of one thousand vibrations per second 
has been made the signal for salivary secretion by repeated apphcation of 
the stimulus, when food is administered to the animal If the new stimulus 
IS now administered repeatedly without the accompaniment of food, it suffers 
inhibition by extmction, recovermg its efficacy after a period of rest If, durmg 
the mdifferent period, the experimenter superimposes on the now meffective 
sound stimulus another mdifferent agent such as the flash of a lamp before 
the dog’s eyes, secretion of sahva ensues The sound regams its power to 
act as a conditioned stimulus, and the prc-existmg inhibition is itself in- 
hibited An important t3rpe of inhibition m ever}' day life is ^‘‘generalized 
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inhibition” or elimination of the activity of the forebram as in sleep or 
hypnotic trance It can be brought about by experimental treatment in 
dogs Local warmmg or coohng of an area of the skm mduces the torpor 
charactenstic of the decerebrate dog which responds to no conditional 
stimuh. 


CHEMICAL CO-ORDINATION 

In addition to the action of the nervous system there is a second type of co- 
ordination in animals The blood of vertebrate animals plays a part m the 
telegraphy of the body. So Ga we have not referred to this at all. We all know 
that some chemical substances, called drt^s, when obtained fiom the tissues of 
plants, have very characteristtc effects cm pamcular organs of the body. For 
instance, the drug tmown as caffeme, present m small quantities in coffee, 
promotes secretion of urme, and aspirm promotes sweating. Some organs 
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of the animal body produce drug-like substances called hormones When 
carried by the blood stream to other parts, hormones are capable of calling 
forth very specific responses In this way the circulatory system plays a 
part m co-ordmatmg response and stimulus This has not been known till 
recent tunes The first discovery of chemical co-ordmation was made by 
Bayliss and Stalling m 1902 m researches on the pancreas. 

The pancreas does not secrete its digestive juice contmuously Pancreatic 
secretion is a response to the entry of me acid food from the stomach mto 
the intestmc The secretion of pancreatic juice follows the mtroduction of 
food or aad mto the mtestme, even when all the nerve connexions between 
It and the mtcstme are severed Bayhss and Starhng found that if the linmg 
of the mtestme is ground up with a htde weak aad the concoction produces 
immediate flow of pancreatic juice when it is mjected mto the circulation 
They, therefore, concluded that aad hberates a substance, which they called 
hecretiUy from the mtestmal mucous membrane mto the blood stream Thence 
It is conveyed to the pancreas and there evokes the charactenstic response 
This substance has now been prepared m chemically pure form The first 
experiments of Bayhss and Stailmg were perfoimed with dogs They after- 
wards showed that secretm is present m the mtestmal wall of other vertebrates. 

The control of colour response m frogs and toads illustrates the combmed 
action of nerves and hormones. We know that frogs change colour accordmg 
to temperature, illumination, humidity, etc , and that they change mufonnly 
over the whole body Smee the “background*^ response is abohshed by cuttmg 
the optic nerves, we also know that nerves convey the impulses set up by 
appropnate stimuh m their surroundmgs to the central nervous system It 
was at one time thought that the nervous system transmitted these impulses 
directly to the black pigment cells m the skm This is not so Indeed, it is 
doubtful whether the pigmentary organs of the frog have any nerve supply 

Beneath the bram wilhm the skull of vertebrates hes a httle gland which 
has no duct conveymg its secretion to the extenor It is called the pituitary 
gland Extracts made by grmdmg up this organ m salt solution have some 
very remarkable properties. When mjected mto a pale frog, they brmg 
about a complete darkenmg of the skm resultmg from expansion of the black 
pigment cclb There is enough of the active constituent m one gland to 
evoke darkenmg m a hundred mdividuals. When the pituitary gland is re- 
moved, the frog recovers and survives mdefimtely. Though it appears to be 
healthy and otherwise normal, it will always remam completely pale m what- 
ever circumstances it is kept. Darkoimg of the skm of a firog from which 
the pitmtary gland has been extirpated will still occur, if a small quantity 
of the extract of the pituitary gland (about eqmvalent to one-milhonth of a 
gram of the gland substance) is mtroduced mto the circulation by mjection 
Thus the nervous system controls the behaviour of the pigment cells 
indirectly by mexeasmg or diminishing the rate at which the pituitary body 
pours Its sccrenon mto the blood 

Near the anterior end of the human kidney is an orange-coloured mass of 
tissue, the adrenal body This “ductless gland** contains a drug-hke sub- 
stance that acts on plam muscle, m some cases relaxing and m others mducmg 
contraction or mcreased rapidity of an inherent rhythm (e g. it accelerates 
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the heart of the frog) It is called adrenaline Adrenaline can now be manu- 
factured m pure form m the laboratory It is hberated mto the circulation in 
small quantities^ but we are not yet certam under what conditions Like the 
th3rroid gland (p SSS), the adrenal and pituitary bodies are sometimes spoken 
of as dtictless glands 

THE PUBLIC WORLD OF THE SCIENTIFIC OUTLOOK 

Durmg the two centimes which preceded the pubhcation of Darwm’s 
Descent of Man^ the prevailing ideahsm which provided a rationale for the 
rights of the mdividual conscience m Protestant countries had accepted 
Platomc metaphysics, as Cathohasm had accepted Platomc physics Self- 
knowledge was assumed to be reliable, mdeed more rehable than knowledge 
based on observation The Platomsts subsenbed to the dictum of the Delphic 
oracle They beheved that every man cames withm himself the secret of his 
own nature The most important result of experimental research of the kmd 
with which we are now deahng has been the discovery that **Know Thyself” 
carries with it the prior mjunction '‘Know others first ” 

Like the self-evident prmciple that the sim rotates over the hoiizon, the 
behef that self-knowledge is more trustworthy than the collective testimony 
of different observers is hard to eradicate “Surely,” says the mtrospectiomst, 
“you yourself know best when you have a pain m your stomach ” Do we 
really? Hospital practice no lorger takes such statements at their face value 
Data collected at operations and post mortems have taught us that any 
statement which a patient makes about himself needs to be confirmed by 
observations made by somebody else For mstance, the presence of a stone 
m the bladder is described by the patient as a pam m the nght shoulder What 
IS called a pam m the grom may be due to an inflammatory condition of the 
kidneys There is no short cut to knowledge of human nature Pamstakmg 
observation of the behaviour of manimate objects is the necessary basis of 
knowledge which can show us how to control the material resources of 
external nature, and painstaking observation of the behaviour of human bemgs 
and other aniinals is the only basis for knowledge which can show Us how to 
control ourselves 

The Cartesian comproimse divided the field of human enquiry mto two 
domains One, the external world of science, mcluded dynamos and diges- 
tion, mercaptan compounds and the Milky Way, potato varus and the petro- 
leum engme To the other, the mtemal world of mtrospective philosophy, 
belonged devotion and duty, melancholia and mathematical mtmtion, 
patriotism and piety. We are now be ginnin g to realize that the expanding 
umverse of use:M knowledge defies any boundary which can be fixed for 
all time. Naturally, the disappearance of the old landmarks leads to much 
hesitation and moonsistency. In discussmg the problems of human behaviour 
we have just begun to hsp a few syllables of a new language, and much of 
what has been written m this chapter will seem childi sh to our grand- 
children, Meanwhile we may concede to one another the private preixigative 
of contemplative mtroqiection, so long as it does not interfere with the social 
programme of discovemig how the human bram can be r^ulated or how 
social mstitotions cany on. 
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Biology and soaology are beginning to undertake this programme The 
following sentence taken finm the Gifford Lectures of Sir Arthur Eddmgton 
illustrates the contrast between the new outlook and the old 

A mental decision to turn right or left starts one of two alternative sets of 
impulses along nerves to the feet At some biam centre the cause of behaviour 
of certam atoms or elements of this physical world is directly determmed for 
them by the mental decision 

It seems that the external world of Professor Eddmgton is the material world 
— ^the shadow world of physics as he calls it elsewhere His internal world is 
the mental world — ^the “real” world of rehgious experience and artistic 
msight Professor Eddington’s external world, therefore, ends where an 
important part of the external world of a psychologist or a biologist begms He 
takes no account of the fact that mental decisions are matters about which 
human bemgs can make, and are makmg, discoveries Withm its do main a 
mental deasion is a final cause It flashes like a meteor mto the shadow world 
of common experience trailing clouds of glory from the Ewtgheit. Then hke 
a bubble it vamshcs, rcturmng to the abode where the eternals are The 
onlooker is no longer the physicist He la3rs aside his recordmg instruments 
and abandons himself to the rapture of the poet 

The new outlook is that saence is not exclusively occupied with the 
behaviour of nebulae, nasturtiums, mtemal combustion »igmes, and the 
indigo dyes It is also engaged m discovermg how to control the behaviour 
of the lower animals, and may eventually extend its scope to include 
that of archbishops and dictators. One of the problems which biologists 
have already mvesugated is how the behaviour of a dog is influenced 
by the way in which it has been treated In the language of everyday life we 
descnbe what happens at this level of behaviour by saying that dogs can 
remember or that they make mental decisions. Patient espenments such as 
those which have been made by Pavlov’s school have made it possible to 
specify rules about how dogs “remember.” Those who carry them out can 
(hctate “mental deasions” which a dog will make. If the behaviour of human 
bemgs and of the lower animals is really determmed by “mental decisions,” 
mpptal decisions, as Professor Eddington defines them, are part of the 
world whach the biologist and the psychologist mvesugate If mental 
H#^sif.ns can mterfere with the functions of the central nervous system, as 
Professor Kddmgt on suggests, they are not merely the private aflfeir of the 
isolated philosopher They are too important to be that. 

As we approach the conclusion of the narrative pursued m this book, we 
can digttngniRb m retrospect three aspects of the progress of scaence One 
IS the a.nlgi-gr<>m<»nt of cxpeneuce by patient observation A second is the 
ii^onamn of observation by the unprovement of material instruments 
The other, which is the co-ordmation of eapenence by the mtroducmon 
of new symbols to oommumcate discoveries, is of special mterest m connexion 
with the problems dealt with m this chapter. From time immemorial the 
progress of saence has been obstructed by the poverty of language and 
the need for what Sir Wilham Petty called a “dictionary of sensible words.’* 
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Petty proposed a self-den3raig ordinance to prohibit the use of words 
which, having too many meanings, have no meaning at all Few words have 
a better claim to such treatment than the word explanation What some 
people mean by an explanation is labelling a natural phenomenon with a 
word which makes it a thing apart The “mental deasion” of Professor 
Eddmgton, when he writes as a Gifford Lecturer, is an explanation of this 
sort. It is an object of awe, sufBaent m its own n^t As such it is a survival 
of the emotive use of language as verbal ntual to propitiate the unspeakable 
by in rantatinn Saentific explanation is altogether d^erent It exposes the 
mnnfmnns between different thing s, and thus gives us reapes of conduct 
The langnagf. m wtuch the isolated philosopher descnbes “causation,” when 
he IS passively contemplatmg his own “mental decisions,” has nothmg m 
fnmmnn with the languag e m which saentific workers commumcate rules for 
regulatmg behaviour Such rules must mclude how sense organs signal 
r-hgngp« which occuT m OUT suTTOundings and m our own bodies, how the 
nervous impulse traverses the synapses of the bram, how previous stimula- 
tion affects the ease with which they do so, and many other cognate topics 
which are omitted m Professor Eddmgton’s pronouncements on biological 
problems. 

Biologists who are stud3rmg these problems are not complacent about our 
ign orance and the need for more knowledge The most they ask is that we 
should now judge the respective claims of collective saentific observation 
and the self-knowledge of mtrospective philosophy by their fnnts That 
the comparative study of animal behaviour has taught us far more about 
our own sensations than the combmed efforts of moral philosophers is 
difficult to dispute, if we compare the present state of knowledge with what 
was known when Kant wrote the Critique of Pure Reason All that we then 
knew about sensation was circumscnbed by the five senses — sight, sound, 
smell, taste, and touch, which severally signal changes m the “external” world 
around us. Nothing was known of the receptors which record changes m the 
in fernal fidd of our own bodies, and there were no known facts to contest 
the assertion that our recogmtion of space is independent of our sense oi^ans. 

Before Flourens earned out bis experiments on the semi-drcular canals 
of Birds (1828) a blmd man’s knowledge of space was a pnon That is to say. 
It belonged to the provmce of moral philosophy, and there was no thing more 
to be said about it Smee then ^penments on animals have shoivn us that the 
body has receptor organs which record onentation to the earth’s gravitational 
field, receptor oigans which register rotational displacement and receptor 
organs which signal the relative position of mdividud parts to the body as a 
whole. Surgical practice has shown that much of our new information about 
how animals can balance themselves is also relevant to the percqjtion of space 
by human beings We can therefore add several new items to our dictionary of 
sensible words. Nowadays we do not say that a blmd cat falls on aU fours 
because it has an a pnon knowledge of space, or because it has made a 
“mental decision” to do so When Professor Eddington himself makes a 
“mental decision” to use Riemann’s geometry bis behaviour seems to be 
more dosely connected with expeximaits on the speed of light than with 
statements about a pnon qiaoe perception. 
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In some of his experiments Pavlov made dogs secrete saliva by repeated 
stimulation at regular mtervals In certam crrcumstances they would con- 
tmue to do so at regular mtervals, when no external stimulus was apphed 
A philosopher might say that they have a sense of time, and no thing whicdi 
introspective philosophy can tell us about the “five senses” can throw any 
further hght on how they get it We can now connect the dog’s perception 
of tune with other things about a dog’s make-up, because we know that 
pioprwceptwe sense organs, which register the relatively qmck movements 
of the heart and the relatively slow pulsauuns of the bowel, the bladder, and 
other oigans with a muscular rhythm, are stimulated at regular mtervals 
like the ear of a dog, when an alarm clock is set to rmg every ten mmutes 
The sound of an alarm clock may be made the conditioned stimulus for 
sahvary secretion, if food is given to a dog, whenever the clock nngs If it is 
tuned to rmg at regular mtervals, lesponse will eventually recur at regular 
mtervals when no food is given If a repetitive sumulus which normally 
exates sahvary secretion is timed to take place whenever the gut muscle 
contracts, stimulation of the proprioceptors of the gut will comade with the 
imconditioned stimulus From this pomt of view the propnoceptors of the 
gut and Its own muscular rhythm take the place of the dog’s ear and the 
alarm clock set to rmg every five mmutes The dog’s a pnon percepuon of 
time is Its propnoceptive recogmuon of its own muscular movements 

How human behaviour depends on characteristics of the human brain 
and sense organs such as those which have been outhned m this chapter is 
the least important contribution of biology to a saentific study of human 
nature Its most important lesson is the danger of sdf-decepuon when we 
assert our claims to self-knowledge Human behaviour has many peculianties 
which we cannot cormect with any characteristics of behaviour m other 
animals or with anything we as yet toow about the properties of the nervous 
system It may be more profitable to study how dififerent characteristics 
of human behaviour axe connected with one another than to study how 
they are connected with the process of nervous co-ordmation In that sense 
psychology is a study m its own right, and most psychologists are behaviourists 
nowada3rs. It is ra^r a pity that tihe word behcanourtm has become identi- 
fied with a school of psychologists who pay more attention to the common 
clmractenstics of anni^ and human behaviour than to the special charac- 
teristics which distmguish human behaviour &om that of other creatures. It is 
possible that we might find out more about how babies learn to talk if we 
first discovered how parrots can be taught to talk, but it is not certain. What 
13 certam is that we could not find out how parrots learn to talk by asking 
them; and it is at least likely that we shall not learn much about how children 
learn to talk by the same method. 



CHAPTER XXIII 


NATURE AND NURTURE 
Superstitions of Our Own Time 


‘‘Until lately,” says J L Gray in his book The Natton^s Intelligence, “man 
was regarded pre-emmently as tiie ‘knowmg agent,* the provmce of know- 
ledge bemg external to him The dedme of this anthropocentric view is 
associated both with the nse of rationalism and humamtanamsm and with 
the espansion of organized social and economic activities At a tune when 
the growth of capitalist enterprise m democraaes with rapidly mcreasmg 
populations called for new knowledge concenung men as workers and 
citizens, experience m the physical and biological sciences had already sug- 
gested ^t hnmati behaviour itself be esphcable m terms of orderly observa- 
tion and inference.” 

We have now seen how biological progress m t±ie social context of tele- 
graphic commumcations weakened the traditional distmction between an 
pvtfttnal provmce of saence and man the knowmg agent of mtrospectiomst 
philosophy In the present state of knowledge it would be unwary, if not 
presumptuous, to undertake a conspectus of significant hues of enquiry mto 
human nature. TiU it is possible to approach the study of human behaviour 
as a history of human aduevement, it is fruitless to express any opmion 
about the relative importance of the problems which occupy psychologists 
today. In bistoncal retrospect many issues which claim the attention of 
contemporary psychologists may seem utterly tnvial. Seemmgly dull and 
unimagmative studies may be recognized as growmg pomts for a luxuriant 
output of fruitful endeavour Six thousand years elapsed between the deter- 
mination of the year of 365 days and the compleuon of the Newtonian 
synthesis The determination of the Sinus year was itself the culmmation 
of centimes — ^perhaps tmllenma — of painstakmg observation stretebmg back 
b^ond the begmmngs of a gram-growing and pastoral economy While we 
wdcome the fact that psychology has passed beyond the stage of mere 
star-gazing, and is now beginnmg to make use of measurement and 
enumeration, we may also recall how htde importance we now attach to 
the hypotheses with which the pnesdy pioneers of metneal star-lore were 
preoccupied. 

If any lesson has clearly emeiged ficom this book, it is surely this. Con- 
temporary judgments upon the importance of new theories are ephemeral 
The pre-eminent entenon of abiding achievements in the realm of theoretical 
saence is their social firuitfifiness, and this we can only recognize in retrospea. 
The army of science marches 1^ that of Niqpoleon, on its belly. If we are 
permitted to make a plausible guess about the future of psychology we can 
only venture the suggestkm thtt the growmg points of modem psychok^ 
he m the recorded observations un d e rttken to meet a specific social demand. 
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The social demand for detailed observation on factory welfare and efficiency, 
busmess advertisement, native administration, the prevalence of mental defect, 
urban neurosis and falling fertility has promoted the fbundaaon of new 
institutes for disciplmes variously called industrial psychology, psychiatry, 
anthropology, demography, and so forth The demand for such Imowledge 
has been prompted by the conflict of opposmg tendencies withm the frame- 
work of capitalist civilization — ^missionary effort and imperial exploitation, 
philanthropic enterprise and the burden of taxation foi the upkeep of mstitu- 
tions for the socially defecuve, the need for umversal education at a high 
level of mdustriahzation and the determination to mamtam the social prestige 
of piivilcged occupations 

It may be too early to judge how far the new humanistic studies are destmed 
to progress without the further impetus of a new social economy or the 
contribution of a new personnel What we can say at present is that some 
genume advance has been made m amassmg detailed observations, and 
that no co-ordmatmg prmciples, analogous to those of the more advanced 
departments of science, have as yet emerged Problems ansmg m connexion 
with social mstitutions, educational technique, backward races, mdustnal 
efficiency, delmquency, and population converge at one common focus of 
mtcrest This may be called the problem of nature and nurture In general 
terms it may be stated thus to what extent and m what arcumstances do 
the observed differences between the soaal performances of human bemgs 
depend on a different eqmpment of genes or different circumstances to which 
the mdivtdual reacts at some stage after the fertilization of the ovum? This 
question impmges on the correct mterpretation of nearly every class of 
problems which engage the attention of students of behaviour, and smee 
It is prompted by conclusions derived from rigorous experimental studies on 
livmg organisms, it is important for the student of human nature to grasp its 
imphcations clearly Our concludmg chapter will be devoted to an examina- 
tion of them 

For the social roots of the Nature-Nurture problem we need not go farther 
back than the mtellectual ferment of the French Revolution Issues of social 
status m the earher Protestant democraaes were contested against a more 
primitive background of behef The Reformers were a chosen people. 
Augustme’s doctnne of predestmation, supported by St Paul’s assertion 
that an omnisaent deity foreordamed who should be predestinated and only 
called those who had been, was fitting to the temper of the Reformation 
struggle Dunng its first phase of piracy and slave-raidmg English and Dutch 
colomal pohey was reassured by the scriptural curse on the descendants of 
Ham. At the beginnings of the seventeenth century a Dutch divme, 
Arminius, gathered around him a small following favourable to the Pelagian 
heresy that salvation is an act of free choice, and supported this conviction 
with scnptural testimony quite as unequivocal as that of its opponents 
In Holland Calvimsm remained the official creed of the richer merchants, 
who adhered to the Reformed persuasion. In contemporary England it 
received support from the Laudian Churchmen who were antagonistic to the 
new plutocracy. Dunng the eighteenth century Wesley’s doctnne of free 
grace cemned oxx the Oxford tradition of WydijBrs poor priests and the Laudian 
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Chtirchmen A mass movement, which comcided with the declmmg mfluence 
of the merchant prmces, was the signal of a humamtarian revival rooted m 
the behef that all men are ehgible for salvation The abohtion of slaverjr in 
the British possessions was one act of a drama which unfolded with the 
impeachment of Warren Hastmgs by Burke That Burke became a vehement 
antagomst of the Jacobms remmds us how httle the peculiarly rehgious 
ideology of the Industrial Revolution was fostered by the mfluence of 
secularist controversies on the contment Bnghsh humamtariamsm was led 
by men and women who had come under the influence of the Quakers and 
the Methodist Revival 

French humamtariamsm, on the other hand, was essentially secular, and 
as such more closely reflects the stage which biological science had then 
reached The class structure of pre-revolutionary France was far less flexible 
than that of England where nobles had mvested and merchants had been 
kmghted from the be ginnin gs of the wool trade with the Low Countnes 
The divme right of British kmgs hadheen setded once for aU by a decisive 
experiment m 1618 The maintenance of the French nobihty as a caste, bv 
soaal and legal conditions of marriage, carried with it the doctnne of fixed 
estates, ordamed by providence Agamst a gratuitous assumption which 
placed the majority of Frenchmen under the same curse as Ham’s descen- 
dants, the forerunners of the French Revolution advanced the doctrme of 
natural rights^ associated especially with the name of Rousseau The doc- 
trme of natural rights rested on the assertion that social orgam/ation 
mvolves an imphcit undertakmg on the part of human beings to satisfy 
their common needs This so-called social contracf^ has been rightly ridi- 
culed m so far as it was put forward as a satisfactory descnption of the 
psychology of social evolution. None the less, it embodied the important 
truth that no pubhc symposium on social conduct is possible, unless mdi- 
viduals who participate forgo supernatural and egotistic claims for preferen- 
tial treatment, and recognize that the satisfaction of common needs is the only 
rauonal basis for co-operative activity A corollary to the social contract, that 
the different pohtical privileges which men enjoyed have no basis in iheir 
mbom aptitudes, has been criticized with less regard for what the authors 
of the doctrme stated Rousseau’s views are expressed with the utmost clanty 
at the beginnmg of his essay entitled The Origin of Inequality i 

I conceive that there are two kmds of mequahty among the human species . 
one, which I call natural or physical, because it is estabhshed by nature and 
consists m a difference of age, health, bodily strength, and the qualities of the 
mmd or of the soul, and another, which may be called moral or political m- 
equality, because it depends on a kmd of convention and is estabhshed or at 
least authorized by the consent of men This latter consists of the different 
privileges which some men enjoy to the prejudice of others, such as that of 
being more nch, more honoured, more powerful, or even m a position to 
exact obedience It is useless to ask what is the source of natural mequahty 
because that question is answered by the simple definition of the word. Agam 
It 18 still more usdless to enquire whether there is any essential connexion between 
the two mequalities; fbr this would be only askmg m other words, whether those 
who command are necessarily better than those who obey, and if strength of 
body or of mind, wisdom or vntuej are always fbund m perticuiar individuals 
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m proportion to their power or wealth, a question fit perhaps to be discussed 
by slaves m the hearing of their masters but highly unbecoming to reasonable 
and free men in search of the truth 

Smce there is a fashion of referimg co the ‘‘mystical equahtariamsm” of 
the French Revolution, it may be pointed out Jiat Rousseau himself does 
not depart a hairsbreadth from the estabhsned biological knowledge of his 
own time or that of the ensuing century and a half Indeed, his choice of 
words shews more discnmmation than that of some biologists still hvmg 
It IS admittedly true that some of Rousseau’s successors expressed views 
which wouM now be regarded as gi\ing undue emphasis to the effect of the 
environment and too httle attenuon to the genetic equipment of the mdi- 
viducd On the other hana, it is an error to suppose that the earher sociahsts, 
whose views on economic equauty are traced to the influence of the French 
mater lahsts, embraced the tabula rasa as held by some of the educational 
reformers of the same period For instance, Robert Owen expressly repudiated 
any mystical views abouf.mdividual differences 

‘‘The orgamzation of no two human bemgs is ever precisely the same at 
birth,” he wntcs m The Mew Moral Worlds “nor can art subsequently form any 
two individuals fiom infancy to maturity to be the same ” He adds, 
“nevertheless, the constitution of every infant, except m case of oigamc disease, 
IS capable of bemg formed or matured either mto a very inferior or veiy supenor 
bcmg, accordmg to the qualities of the external circumstances allowed to influ- 
ence that constitution from birth ” 

In the language of his own time this was an optimistic way of saymg that 
the existence of genetic differences does not entitle us to set any future hmit 
to the educabihty of the mdividual. We may correlate observed genetic 
differences with Imuts of educabihty in response to existmg methods of 
education. We cannot say how far those limits may be altered by an extensive 
change in our methods of education So soon as we do so we commit ourselves 
to what Jenmngs calls “the fallacy that showing a charactenstic to be heredi- 
tary proves that it is not alterable by environment.” 

The common sense of Rousseau and of Owen appears all the more com- 
mendable if we compare their views with those of the leading biologists 
durmg the reaction which followed the death of Robespierre Durmg the 
first two decades of the nmeteenth century the French evolutionists concocted 
a doctnne which is devoid of any plausxbihty as a scientific hypothesis, and 
may now be consigned to the museum of extmet pohtical rationalizations 
The I^amarddan teaching, as it is called after its principal protagonist, set 
forth two propositions. One was that animals possess a will which contmually 
spurs them on to more strenuous efforts, the results of which accumulate m 
their offspring Perhaps because Lamarck’s followers declined to stomach 
a vegetable wiU, the Lamarckian view of evolution was also supplemented 
by a second or vegetative process of passmg from parent to offsprmg the 
direct effect of the environment on the body of the parent 

It is sometmaes said that Lamarck’s views represent behefs which had 
always prevailed among biologists ftom Aristotle to his own time Smce 
most superstitions can be unearthed m the works of Aristotle, this may be 
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true What requires an explanation is why Lamarck took so much trouble 
to elaborate and define a doctrme which ceases to be credible when it is 
stated m exphcit terms, and why it was widely accepted by his contem- 
poraries Perhaps the answer is that the pohtical deductions to be drawn 
from It mvested the pnvileges of the wealthy with the vcrisimihtude of natural 
law Accordmg to the Lamarckian view, soaal and biological evolution are 
co-extensive and mterdependent processes So the existence of soaal classes, 
like the classes of the taxonomist, reflects the accumulated advantages 
of thrift, perseverence, and a beneficent environment In fairness to Lamarck, 
St Hilaire, and those who embraced their doctrme, it should be recog- 
nized that some zoologists still regarded the sperm as a parasiuc orgamsm, 
others professed to detect the complete homunculus withm it, while pre- 
formationists, who taught that the egg was a immature adult complete in all 
Its parts, were still vocal In this setting it was not difficult to persuade 
oneself that biological and legal inheritance resemble one another as closely 
as the conventions of Enghsh spelhng suggests, or that parents do, m fact, 
hand on their noses to their offspring m much the same way as they hand 
on their belongmgs. 

The discredit of a doctrine so plausibly adapted to the mamlenance of 
social privilege was not accomplished till the compoimd microscope had 
revealed the details of sexual umon m animals The challenge which Weis- 
mann issued to the Lamarckian doctrme immediately followed the work of 
Boven and van Beneden, the first zoologists to discover that the only neces- 
sary contribution of the male parent to the hereditary make-up of its oflsprmg 
is the chromosome complex of the sperm These discovencs have been 
summanzed m Chapters XVII and XXI, where we have se^ that our 
parents do not endow us with diaracters They endow us with genes which 
cannot carry their cheque books mto the next life Although some tune 
elapsed before biologists were reconciled to a 100 per cent death duty on 
improvements to surgical property, experimental biologists are now agreed 
that Weismaim performed a genume service when he pomted out that the 
state of death claims all our accumulated anatomical earnings Since Weis- 
mann’s time experiments published by the few survivors of the I^amarckian 
tradition have been repeated agam and again with contrary results The 
dock-like regulanty with which a new expenmentum cruets has been de- 
molished by subsequent enquiry has deprived the issue of further interest. 
The evolutionary controversy then at its height m England and Germany 
gave the problem of nature and nurture a new mterest and a new bias. The 
Descent of Man from a stock of arboreal mammals imphed a fundamental 
umty in the mechanism of human and animal behaviour. Inevitably the 
opposition which this view encountered sometimes tempted its supporters 
to emphasize similarities rather than to probe differences. 

The genes which an mdividual receives determine what sort of neuro- 
muscular organization it will develop in its usual conditions of growth. 
Certain features of neuromuscular organization are charactexiatic of the 
mdividuals of a species or genus and as such depend on idiosyncrasies of what 
we should now cell the gene complex of different species. Broadly two kmds 
of difference m the neuromuscular orgamzatmn of diffisrent spedes may be 
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distinguished One includes dijBFerences in the character of relatively stable 
responses to external influences, as, for instance, whether bodily orientation 
IS mainly determined by hght or gravity, and if by the latter whether it is 
positively or negatively geotactic (see p 1032) The other mcludes differences 
m the extent to which the pattern of behaviour is modifiable by previous 
experience^ as, for mstance, a difference between sheep-dogs and snails 
Pure Imes of mdividuals, distinguished by their normal responses to hght 
or by their abihty to learn how to thread a maze, have now been separated 
within the limits of a single species There is therefore no obstacle to the 
conclusion that mter-speafic behaviour-differences have arisen by selective 
survival of mutations which turn up within the confines of a smgle speaes 

In Darwm’s time such enquiries had not been undertaken Studies on 
animal behaviour had been chiefly concerned with eluadatmg differences 
of the first type, and biologists were less alert to the difficulties of detectmg 
genetic differences affectmg the educabihty of animals Galton, whose Inquiry 
into Human Faculty focused attention on the problem of the contribution 
of heredity to differences of human behaviour, showed himself to be aware 
of the difficulties when he wrote — 

Man IS so educable an ammal that it is difficult to distinguish between that 
part of his character which has been acquired through education and that 
which was m the original gram of his constitution 

THE SOCIAL BACKGROUND OF EUGENICS 

The hght-heanedness with which his followers shouldered the difficulties, 
which Galton himself recognized, is less perplexmg when we consider the 
material and mtellectual context m which the “eugemc movement” started. 
In the material context of the Darwinian controversy the geographical aspect 
of evolution was the predominating issue Naturalists were speaally m- 
terested m patterns of behaviour which distinguish animals hvmg m different 
temtories, and such differences are mainly dependent on the hereditary 
equipment characteristic of a species. Bemg at the same time preoccupied 
with defending the doctnne of human descent from an anthropoid stock 
they were not encouraged to examme the credentials of analogous behefs 
about human bemgs Contemporaneously the exploitation of peoples at 
retarded culture levels powerf^y influenced the mtellectual temper of a 
period which witnessed the abohtion of negro slavery m America and an 
unprecedented, if unobtrusive, expansion of the British Empire. 

Thus It was that the ‘‘missmg link” provided the occasion for one of the 
most heroic sociological exploits of anatomical saence There is an account 
of the mcident given m Dr. Haddon’s History of Anthropology Three years 
after The Origin of Speaes was published Dr. James Hunt, President of the 
Anthropological Society, read his paper on “The Nero’s Place m Nature 
In It he mamtamed that “the analogies are fer more numerous between the 
ape and the negro than between the ape and the European ” In 1866 he re- 
corded a further contribution to the detection of the missing link by asserting 
that “there is as j^d reason for classifying the negro as a distinct species from 
the European as there is for makmg the ass a chstmct species firom the zebra.” 
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In this discussion Huxley gave the exponents of the nussing link a half- 
hearted support tempered somewhat by his humane and sceptical disposiaon 
An obituary notice of Dr Himt m a New York paper announced m 1870 the 
‘*Death of the Best Man m England Sixty years after the pubhcation of 
Hunt^s first commumcationa a leading American anthropologist. Professor 
Kroeber, summed up the present state of knowledge m the folio wmg terms 

The only way m which a decision could be arrived at along this Ime of 
consideratton would be to coimt all features to see whether the Negro or the 
Caucasian was the most xmapelike m the plurahty of cases It is possible that 
m such a reckoning the Caucasian would emerge with a lead But it is even 
more clear that which ever way the majority fell, it would be a well-divided 
count 

To many of Darwm’s contemporaries Natural Selection was at once a suffi- 
cient justification for revivmg the Calvmistic curse on the descendants of Ham 
and an alternative to Lamarckism as a plausible rationale for the inlierent 
superionty of the newly ennehed manufacturer and entrepreneur The 
distaste of the latter for undertakmg obhgauons accepted by an older ans- 
tocracy was reassured by such pronouncements as the ensumg passage 
written m 1876 by St George Mivart, a noteworthy zoologist, who defined 
natural selection as a process 

which under bracmg climates, rough hvmg, and absence of medical aid (I'-i) 
beneficial to a commumty however fatal to mdividuals by kiUmg off weak 
members and reducing to a compact commumty of hardy and vigorous 
survivors 

By the end of the nmeteenth century the demand for educational expan- 
sion, sponsored m the early stages of mdustnalizatton by a social class which 
was largely excluded from the older seats of leammg, had become a challenge 
to their privileges as a new hereditary caste Galton^s plea for a science of 
eugenics to study “those agencies under social control which may improve 
or impair the racial quahties of future generations” bore fruit m a movement 
for obstructing the general enhghtenment of mankind Eugemes became 
identified with a system of mgemous excuses for combatmg the amelioration 
of workmg-class conditions. This temper is well illustrated by the foUowmg 
quotation from Dr Schuster’s Ei^enicS:^ one of the first books on the subject 
to appear m this country 

The London County Council sets up educational ladders m all parts of the 
Metropohs, but finds it difficult to get boys to go up them The number of 
children m the schools mamtamed by the rates who are bright enough to 
make it worth while to give them the scholarships provided by the London 
ratepayer is hardly enough to fill them. No difficulty ts expenenced m filling 
those at the Pubhc Schools or the Umversities with boys of a very respectable 
level of mtelhgence, whose fathers belong mostly to the professional classes. 

A quotation from The Famly and the Nation by the Whetfaams illustrates 
the same bias: 

Better that an able carpenter should devidop slowly mto a small budder 
leaving six tall sons to play their part manfully and, perchance, nse one step 
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morca than that he should be converted by a County Council Scholarship into 
a primary schoolmaster, or second-grade Civil Service clerk They were 

good sociologists as well as good divmes who taught *‘to learn and labour 
truly to get mme own hvmg, <ind to do my duty m that state of bfe mto which 
It shall please God to call me ’’ Scholarships have their dangers when used 
to raise those who wm them too suadenly and completely out of their natmal 
class In the matter of education theie is a tendency to attribute far too 

much eftect to outside and expensive envuonment and to lay too httle stress 
on heredity and the traculions of the family (Italics mseited ) 

The intervention of the deity m this passage suggests that it is intended 
as a pious reflection rather than the disclosure of a saentiflc discovery Dr 
Whetham and his wife envisage limits to the blessmgs of competition 

The policy of competitive exammation, when diiven to excess, has resulted 
m closmg partially the dooi.s of various honourable professions to those who 
m due course of ume would have been best fitted to excel m them Durmg the 
last two centuiies tlie landed and official classes could be certain of obtaining 
for many of tneir sons posts m which, at all events, a living wage was secure 
Now the posts are filled by competitive examination from a wider sphere 

The same authors sum up the eugemc diagnosis of the national education 
problem thus . 

Our public and elemental y schools have been much to blame, the one m 
That they failed to modify the type of education to suit the altering conaiuons 
oi national bfe, the other that they tended to depreciate manual activity and 
craftsmanship, and over-supplied the ranks of the clerks and penmen The 
great pubbe schools go on training their boys chiefly in classics and ancient 
literature, when tlie demind has been for men of science, for economists, 
engmeers, and scientific agriculturalists, of the same class and breedmg as the 
men suppbed by the pubbe schools The classically trained mm have difficulty 
m finding opmings in after lifey owing to their type of education The mm educated 
scimttfically in schools of other types are oftm rejected because their heredity 
and training leave them unfit to deal with men, especially with workmmi foreigners^ 
and natives Moreover » fiom the employer's point oj vieWy they oftm lack the 
guarantee of chai acter and the intuitive sense of masterfulness that are the usual 
concomitants of the man of good family (Italics inserted ) 

A quotation from Mapr Darwin’s book. Eugenic Reform^ may reinforce the 
suspicion that eugemc propaganda has been motivated less by a dismterested 
concern for the advancement and application of scientific knowledge than 
by the resentment of a certam section of the privileged class towards the 
disconccrtmg results of competition ansing out of the extension of educa- 
tional opportuniues. 

*Tt may be suggested,” writes Major Darwin, *^that the award of scholar- 
ships would result in the picking out of the best of each social class, and that 
by thus giving advantages to a selected few over their early associates, they would 
be made more likely to marry with eugemc consequences This beneficial effect 
of scholarships is, however, m my opimon, likely to be outweiglied by influences 
actmg m the opposite direction Scholars certainly form a carefully 

selected and valuable group of the community, and if it be true that on the 
whole scholarships tend to dimmish the fertihty of their recipients, their award 
must be held to produce eugemc consequences To aid a few exceptional 
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persons to mount to the top of the social ladder by the award of valuable scholar- 
ships would probably be less hamtful to the race than to aid a largei number of 
persons to climb up a smgle step by the award of many minor scholarships 
There is, however, yet another side of this question which has to be taken into 
account, and that is the effect of the award of scholarships to members of a 
lower stratum on the fertility of potential parents belonging to the higher strata 
mto which these selected scholars would enter as recruits The effect on potential 
parents of any mcrease m competition from outside their own social stratum 
must be to make them fed less secure m regard to the prospects of any children 
they might have m the future, and this feeling of msecurity would tend to make 
them less fertile Hence the award of scholarships tends to produce infertility 
not only m the social stratum primarily affected, but also m all the strata 
above it And the only complete remedy for the harm done by scholarships — 
and also by educational facihties generally — promotmg mfertility by facih- 
tatmg the transfer between classes would be by the mtroduction of a caste 
system so ngid as to prohibit all movement between the different social 
strata ** 

Another issue which hdped to thrust the problem of nature and nurture 
mto the foreground of soaal controversy was the emergence of new social 
machinery for dealmg with a special class of human behaviour In the 
eighteenth century the idiot and the limatic were objects of derision and 
abhorrence, roaming at large or confmed m conditions similar to the worst 
jails of the tune In England and America their condition was forced on the 
attention of the legislature by the growth of humamtanan sentiment and the 
exigcnaes of urban concentration Those who took an active part m pro- 
motmg new institutions for the care of the mentally defective or deranged 
were generally inspired by a philanthropic zeal which drew httle mspiration 
fjcom saentific knowledge^ The foUowmg quotation given m Penrose^s book 
on The Mental Defective conveys an attitude which was commonly accepted 
by them It is taken from one of the earhest reports of Park House, Highgate, 
the first asylum for “idiots” m Great Bntam 

We ask that he may be elevated from existence to life— -from animal being to 
manhood — ^firom vacancy and unconsciousness to reason and rcfiecuon We ask 
that his soul may be disimprisoned, that he may look forth from the body with 
meaning and mtelhgence on a world full of expression, that he may, as a 
fellow, discourse with his fellows, that he may cease to be a burden on society, 
and become a blessmg, that he may be qualified to know his Maker, and look 
beyond our present imperfect modes of being to perfected life m a glorious and 
everlasting ^turel 

No form of piety has done more to discourage the study of how individual 
conduct IS mould^ by its surroundings th^ the faith that providing a 
“good” envnomnent is the way to produce a “good” character. When the 
course presenbed by the pious founders of the new institutions failed to 
reinstate the victims of their benevolence as acceptable members of society, 
opmion swung to the opposite extreme. The naively optimistic view that 
dkeenve neuromuscular development can be cured by Mndness prepared 
the way for a fetalistic insistence on stenhzatum as a panacea for social 
betterment, and the vohiptuaaa enthusiasm with which the Eugenic move* 
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ment espoused the cause of mutilation is attested by a flood of literature too 
copious to merit citation. 

The truth is that the new fashion had as httle foundation as its predecessor 
in firmly estabhshed scientific knowledge In different departments of social 
discussion both views continue to flounsh Educational reformers with 
radical views often justify them by arguments which suggest that cater- 
pillars of the cabbage butterfly will take to a mixture of pollen and honey 
Their opponents appear to hold that Newton would have written his Fnncipta 
if he had been bom m Tasmama. 

While recogmzmg the cross currents of prejudice m the social background 
of the Nature-Nurture problem we need not fall mto either of two errors, 
which are aU too common One is the naively rationalistic view that science 
only advances m an atmosphere of complete detachment from social objec- 
tives The other is the adolescent delusion that behefs are necessarily wrong, 
if persons who hold them are encouraged to do so by unworthy considera- 
tions The truths ofsmence are reapes for human action ^d saence flourishes 
when It is actively ministermg to social needs. It advances conspicuously m 
periods when men and women are actively engaged m rational endeavour to 
change their social environment, and is held back when those who pama- 
pate m it are too anxious to find rationalizations for privilege or pohucal 
strategy The complete detachment sometimes associated with an idealized 
scientific worker is not an attnbute of human behaviour New soaal cir- 
cumstances conspire to focus mterest on new problems and on ftesh 
aspects of old ones, or to deflect enquiry from fruitful themes which 
might well be pursued — ^and endowed — ^if human bemgs were always reason- 
able, considerate, uniformly cunous and unselfish Smce human bemgs 
are not always reasonable, considerate, uniformly cunous and unselfish, 
they are generally compelled to pursue the search for truth within limita- 
tions which self-mterest or the mterests of a narrow soaal group impose 
One soaal economy will tend to encourage some Imes of enquiry neglected 
by another Conversely it may neglect a type of research encouxaged else- 
where or at another time. So also the social upbrmgmg of the saentific 
worker helps him to concentrate on some aspects of the manifold reahty 
or makes it difficult for him to recognize truths easily accessible to mediocre 
powers of observation and mference. 


THE IVIEANING OF *‘NAT0KE AND NURTtJRE” 

A large body of data dealing with the influence both of nature and of 
nurture has accumulated smce Mendel, Darwin, Weismaim, Gallon, and 
their generation first discussed these questions We are now able to be more 
dear about what we mean by differences due to genes and differences due 
to environment with greater precision That is to say, we can state m what 
situations such differences can be distinguished. Two examples from the 
sdentifiic study of animal breedmg will danfy the disnnction. 

If dnckens are fed on yellow com or given green food, we can distmguish 
between some varieties whidh breed true for yellow shanks and others which 
breed true /or colourless shanks* This is genetic difference Crosses between 

2L 
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sudi vaneues, when all the progeny are fed on yellow corn or given green 
food, yield numencal ratios of the two types m conformity with Mendel’s 
prmciple. If chicks of the variety Wxth yellow shanks are fed e\clusively 
on white com they grow up with colourless shonks The difference between 
a fowl of the yellow variety fed on yellow com and a fowl of the same variety 
fed on white com is a difference due to emni eminent If we crossed fovvls of 
the yellow variety with fowls of other varieues, givmg some of the pio^cny 
yellow com and others white com, we could not expect to obtam constant 
numencal ratios such as Mendel’s pnnaple prescribes If two poulu y farms, 
both usmg yellow com for food, speaalized lesptcuvely m birda with black 
plumage and yellow shanks and m birds with barred plumage and white 
shanks, we should call both differences genetic differences If both faims 
deoded to use white com, we should only be able to recognize the plumage 
difference as a genetic difference. If both farms varied their procedure qmte 
promiscuously, we should not be able to tdl whether the diflerence between 
one bird with yellow shanks and another bird with colourless shanks was a 
genetic difference or a difference due to environment 
Rabbit husbandry provides another illustrauon of the same issue Some 
rabbits deposit yellow fat when fed on green-stuff's Most rabbits have white 
fat, whether given greens with then food or not Yellow fat is a senous 
carcase defect from a commercial pomt of view, because purchasers object to 
It Rabbits which have white fat when fed on green food possess a hver 
enzyme which breaks down xanthophyll, thus preventmg it from icachmg 
the fat deposits Rabbits which deposit yellow fat lack this en/yme. Michael 
Pease has shown that when rabbits of both kmds are crossed and back- 
crossed, the absence of the enzyme behaves like an ordinary “recessive 
character ” It is only recognizable as such if the rabbits are given green food 
containmg the yellow pigment In a group of rabbits of both types we can 
recognize the gene difference by givmg them all green food In that case the 
biological environment is neutral and die gene difference is the nolate which 
we are invesugaung If none of our rabbits possesses the en/yme which 
breaks down zanthophyU, we can make their fat white by feedmg tliem 
on mash and potatoes, or yellow by feedmg them on mash and cabbage 
The genetic constitution is then neutred^ and the biological environment is 
the isolate of the mvestigation The pracucal breeder has therefore two 
remedies from which to choose He may put the blame upon the biological 
environment and cut off the supply of green food He may put the blame upon 
heredity and breed for white fat 

In the practice of methane the same choice may gnnfmni' us. In some 
situations the doctor can put the blame for a particular di<u»gfi<« ©n heredity 
and m others upon environment. An eaact biological parallel to crettmsm, 
a disease mduded under the general term amentia (idiocy, imbecahty and 
foeble-mmdedness), illustrates this very clearly. Cre tmigm « a fwidn-irwr ©f 
stunted growth a^ a childish level of mteUigent behaviour. It tuna up 
occasionally in all c ommuniti e s , and is specially common in certam 
For this reason doctors somedmeB distmgui^ between a spora^ and an 
endenae type of the disease. In the same way wc may diaringn i iyh between 
genetic and ecob^usal neoteny m Ampl». CiecmiBia i» due In 
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quantity of the iodine compound manufactured by the thyroid gland 
Insufficiency of the same hormone m Amphibia prevents the aquatic tadpole 
from transfoimmg mto the terrestrial adult This may be because the thyroid 
gland IS incapable of domg its proper work^ but even when it can do so^ it 
cannot mal;:e th 3 a:osme without iodine So if tadpoles are kept m water with 
no trace of lodme and fed upon a diet free of lodme compounds, they fail to 
transform into frogs 

The European salamander noimally completes its development and breeds 
m the adult form In certam mountamous distncts, where endemtc cretinism 
IS reported among human Deuigs, the newts commonly fail to undergo meta- 
morphosis, or do so after great delay This is probably because the lodme con- 
tent of the waters m which they hve is low. A similar explanation does not 
apply to a local race of the American salamander (Athblystoma tigrtnurn) m 
the neighbouihood of Mexico City Individuals belongmg to this race never 
grow up Though they breed from generation to generation m the aquatic 
form, they will grow mto the terrestnal salamander if fed on th37roid gland, 
and they wiU not do so if given lodme compounds They possess a thyroid 
gland which does not release its secretion mto the circulation Failure to 
undergo metamorphosis m the presence of sufficient lodme sometimes 
occurs sporadically m the Colorado variety among mdividuals hvmg side 
by side with others which complete their development, but the Mexican 
variety breeds true for its mabihty to undergo metamorphosis when kept m 
aquaria with access to an abundance of lodme compounds. 

Human bemgs do not hatch out as free-swunmmg larvae m fresh water 
They spend the first mne months of their hves nourished by the maternal 
circulation A human foetus which receives its nourishment from a mother 
whose thyroid secretion is deficient is therefore analogous to a tadpole reared 
m lodine-free water with food containing httle lodme. It is important to 
remember this, because the term ‘‘environment^^ is sometimes circumscribed 
by a false delicacy. In the discussion of “mental inheritance” the term 
environment is sometimes equated to trainmg, and even to traimng at so late 
a stage as when school education begins. This is very misleading. The fact 
that a condition is congemtal provides no presumptive evidence for the 
view that differences of environment play httle part m its occurrence At 
the time of birth a human bemg has ali^dy completed about nme months of 
Its existence as a separate mdividual Durmg that tune its environment is 
the womb (uterus) of its mother, and her physical condition is relevant to 
the sort of environment m which the most formative stages of develop- 
ment occur. The fact that a disease is congenital is compatible with three 
possibilities that genetic differences account for its occurrence, that it is 
determined by idiosyncrasies of the uterine environment, or that both 
these agenaes play their part m its manifestation. Several things pomt to 
the importance of studymg the influence of the uterine environment upon 
the characteristics of mdividuals. One is the high incidence of t^rtain 
conditions among firstborn children. Another is the high inadence ol 
various malformations among offsprmg of women approachmg the end of 
the child-bearing period, 

A previous example to illustrate the meanmg of a genetic difference drew 
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attention to a distinction which is of fundamental importance both for the 
theory and practice of medicme In contrastmg vanations in plumage colour 
with the colour of the shanks we are not separatmg a class of phenomena 
to which the Mendehan prmciple apphes from a class of phenomena to 
which It does not apply We are distmgmshmg between a class of phenomena 



Fig 480 — On the Right* Axolotl* Larva of Mexican Salamander On ihe 
Left* Same Six Weeks After Feeding with Thyroid Gland — It has Now Assumed 
THE Adult Form 


which are easy to study and a class of phenomena which demand more careful 
control of the environment. There is no hard*and>-f^t Ime between the two. 
Genetic differences which distmguish plumage colour in fowls are recog'^ 
mzable over a very wide range of environincnt This does not mean that they 
are just as big m every envhxmment which human ingenmiy can devise. The 
difference between the pure hladk plumage of the I^angshan and the mottled 
plumage of the light Stissex is a genetic diffetetme. By thyroid 
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extent of the black areas m the Light Sussex can be very considerably 
extended In short, no statement about a genetic difference is dlear, unless tt 
includes or implies a specification of the environment in which it manifests itself 
in a particulai manner 

Characteristics of organisms are the result of mteraction between a certam 
genetic eqmpment contamed m the fertilized egg and a certam configura- 
tion of extrinsic agenaes The last mclude the condiuons of hfe m the 
human uterus and the external environment m which man’s social existence 
IS earned on DiJSerences between mdividuals may arise from differences 
m the kmd of genes piesent m the fertilized egg and from diffe rpnrpg m 
the uterme or post-natal environment. Differences of the first kmd, that 
IS to say, differences due to a different eqmpment of genes, may be of two 
types (1) differences which are recognizable m almost any environment in 
which the fertilized egg will develop and contmue to grow, and (2) differ- 
ences which are only manifest withm a fairly restricted range of environ- 
ment In the human species examples of the first t 3 q>e are the 
between a haemophiliac (bleeder') and an adult whose blood coagulates m the 
normal way, or between an amaurotic family idiot and an ordmary infant 
Medical examples of the second type are less easy to ate because they are less 
easy to detect That does not mean that they are less numerous Probably 
the best case is the type of mental defea called Mot^olism. Whatever gene 
differences are mvolved m the appearance of this condiuon appear to require 
a speaal pre-natal environment to make them recognizable 

The distmcnon between the two classes is of the utmost importance from 
a preventive pomt of view. When we have to deal with the first, we can 
readily determine the type of transmission mvolved, and if we know it, we 
can estimate the rate at which affected mdividuals can be diminated by 
discouraging parenthood It is more difficult to determine the method of 
transmission when a disease belongs to the second dass. Unless affected 
individuals are extremely rare, it is rarely possible to do so, and only so 
if we can specify with some precision the kmd of environment m which 
the manifestation of the gene is recognizable. So we cannot give a certam 
answer to the question, what would be the result of selective mterference 
with parenthood? Usually we could deal with the matter without recourse 
to selection, if we had the kmd of knowledge which tells us how much 
effect selection would achieve. For instance, we know suffiaent today 
about the way m which people get cholera to study the genetic factors 
mvolved m susceptibihty to the disease among a group of mdividuals 
equally esposed to the danger of contracting it. The fact that we have 
the knowledge to study the problem is the reason why it is of no pracacal 
importance to do so. To understand the environmental situation is to be 
able to control it. 

When we understand the modm operands of the gene, we can state the 
kind of knowledge we need m order to control the conditions m which its 
presence will be recognized. A vanety of the domestic fowl known as the 
Fnzzle has de&cdve plumage. Frizzle crossbreds are diaractenzed by curling 
of the feathers upwards and outwards. The pure-bred Fnzde re m a ins prac- 
tically bare throu^^out its first year of hfe, appearing to be m a state of 
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perpetual moultmg It is ratremely delicate and difficult to real When newly 
hatched, the down feathering is fragile and breaks off The exposure of the 
skin so produced leads to a great loss of bodily heat from the surface, callmg 
forth mcreased basal metabohsm, mcreased heat production, mrreased heart 
rate, lack of fet deposits, and dimin ished haemoglobin content of the blood 
American biologists have now studied the genetic physiology of this bteed, 
and have shown that the pure Frizzle chick will develop a complete plumsge 
over the whole body withm three weeks, if protected from heat loss by 
enclosure m a woollen jacket and confined to a warm room 

Thus knowledge of the way m which a smgle dominant gene suboUtution 
produces its deleterious manifestations teaches us how to prevent their 
appearance Researches of this kmd have emphasized thice important 
fytnchisinTis One is the need for de finin g the kmd of environment m which 
a given gene substimaon manifests itself m a particular way A second is that 
one and the same gene substitution may be responsible for many and various 
manifestations, dependmg upon the kmd of environment m which develop- 
ment occurs In the fnut fly Drosophila one gene is predommantly effccUve m 
the production of eye colour but has an accessory effect upon the wings 
Another influences the number of bristles but has measiuahle effects upon 
at least a do^n other characteristics to a less noticeable extent For con- 
vemence we usually define a gene substitution by the most stnkmg etlect 
which It produces m some specked environment or by the smgle eflect which 
It produces m the vndest range of environment m which its effects can be 
recognized In reahty no gene can be supposed to have a single and abso- 
lutely specific effect. 

The effect of a gene subsutuUon depends on all the other genes with 
which It is combmed An example from the pathology of fishes will illustrate 
this Two Amencan biologists have recently made a study of intcrgeneric 
crosses between different varieties of two kmds of fish kept for ornament 
m aquana Their popular name is the Mexican killifisb Varieties of Platy- 
poealus differ m possessing large black pigment cells, small black pigment 
cells, or no black pigment cells at all In mter-specific crosses, the occurrence 
of the two kmds of bla<^ pigment cells can be shown to depend respectively 
upon a sex-linked and an autosomal dommant gene substituuon Crosses 
between the genus Xiphophorus and vaneues of Platypoealus havmg large 
black pigment cells result m the production of offsprmg with tumours Thus 
a gene substitution whose effect is merely ornamental and, as such, of com- 
mercial value, when accompamed by one combination of genes, is defimtely 
patholc^cal m its effect m the presence of another 
When we are dealing with gene differences whidi only manifest themselves 
withm a v«y narrow range of environment, we may be able to recognize them 
as average measuiemmts of individuals belongmg to different stocks, even 
though we cannot decide whether an isolated mdividual belongs to one stock 
or the other One of the most fruitfiil results of modem genetic analysis is the 
oondlusion that a dose s3rBtem of mbreedmg separates a mixed stock into 
genetically pure hues. is implidt m the mathematical Sotm of Mendel’s 
prinaple, tmd has been abundant proved to be tnie by such experimental 
work as that iff Johennsea on beans and Hden Dean King on tats. So, when 
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the <iifference becvieen gaxc iines can only be expressed in terms of two 
average meastLements for o'icilappirg popiJations, it is likely that mdi- 
\idaal '^oiiation m each srocL is Jie eScct of envnonraenta unless the spread 
IS of the same oraer of mr^jiiLude as “the e^rois of measaiement 

'^hen we are saidymg ammais m the laboiatory we can arrange the 
conditions of an cxpeiuncnt so as to isolate gene differences or difierences 
due to cnvircnmei^ for separace treatmen can use a highly 

mbied sloch of to find how body v eight vanes with the vitamin 

content of the food or wnether they form tumours w^hen the skm 
IS treated \^th pemacychc hyslrocarbons If we keep all our rats on 
die same we can also separate paie lines with different growth 

rates and g’-eatei or less resistance to tumours With human populauons 
the unuded mvestigatoi cannot do thiS sort of thmg, and when we 
speak ox heredity or environment as more or less tnipottani m coimexion 
with any differences benveen human bemgs^ our criterion of importance is 
relative to the histoitc mmonment in zoh&ch the afference^ themselves are 
vicasined Two hundred years ago the majority of Englishmen ran the nsk 
of smallpox infection No doubt gene differences played a large part m 
deciding whether a particular Enghshman succumbed to the disease or 
escaped No biologist or cliruaan would aigue that gene differences provide 
the mam reason why modem Enghshmen are less hkely to get smallpox than 
their great-grandfathers or than Esquimaux commumties at the present day 
We have created an environment m which it does not matter either way 
In tli*‘ course of xmllenma it is not unlikely that European commumties could 
evolve a high dcgiee of immumiy to smallpox through uncontrolled selective 
ehminaoon of the less resistant The Afncan peoples have probably evolved 
their high immumty to malaria m this way. Thanks to human mventiveness, 
we have not had to wait several millennia to get nd of smallpox 

Practical husbandry and scientific crop production provide vanous 
examples of how human valuations placed upon genetic differences are rela- 
tive to the environment m which they are recogniaed In his book The Causes 
of Evolution^ Haldane cites two botamcal illustrations. Engledow (1925) 
foimd that when two varieties of wheat known as Red Fife and Hybnd H 
are spaced at 2 mches by 2 mches. Red Fife yields the larger crop At 2 by 
0 mehes the yields are almost equal, and at greater distances Hybnd H yields 
a better crop than Red Fife Sax (1926) has compared the crop of two colour 
varieties of the bean Generally the white of his experiments yielded a smaller 
crop, but m exceptionally favourable conditions their yield was better than 
that of the coloured variety. So also at different temperature levels the 
white-eyed mutant of the fruit fly may be less or more viable than the wild 
(red-eyed) stock. Many of our best pedigree stocks of cattle and garden plants 
would have no chance of survival in nature m competition with their less 
specialized progemtors. Their superionty for specific uses depends on the 
existence of a mau-made environment 
The recognition of a gmetic difference thus implies one of two thmgs 
(a) that the difference is one which manifests itself in almost any environment 
suitable to the survival of the individuals concerned, or (^) that we can 
reproduce the kind of environment in which it will be recognizable The 
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last statement is illustrated by the improvement of hvestock m the eighteenth 
century This happened because the mtroduction of root crops made it 
possible to standardize methods of feeding Thus Emle (English Fainting — 
Past and Present) tells us 

Bakewell’s success and the rapidly mcreasmg demand for butcher’s meat 
raised up a host of imitators Breeders ever 3 wiiere followed his example , his 
standard of excellence was gradually recognized The foundation of the Smith- 
field Club m 1798 did much to promote the improvement of livestock Some 
idea of the effect produced may be gathered from the average weights of sheep 
and cattle sold at Smith&eld Market m 1710 and m 1795 In 1710 the average 
weight for beeves was 370 lb ^ for calves 60 lb > for sheep 28 lb , for lambs 
18 lb In 1795 beeves bad risen m average weight to 800 lb , calves to 148 lb 5 
sheep to 80 lb , lambs to 60 lb This enormous addition to ^e meat supply of 
the country was due partly to the efforts of agriculturists like Tull, Townshend, 
Bakewell,‘and others, pardy to the enclosure of open fields and commons which 
their improvements encouraged On open fields and commons, owmg mainly 
to the scarcity of wmter keep, the hvestock was dwarfed m size and weight 
Even if the number of ammals which might be grazed on the commons was regu- 
lated by custom, the stmt was often so large that the pasture could only carry 
the smallest animals Where the grazmg rights were unlimited, as seems to have 
been not unusually the case m the eighteenth century, the herbage was neces- 
sarily still more impoverished, and the size of the hvestock more stunted 
On enclosed land, on the other hand, the mtroduction of turmp and clover 
husbandry doubled the number and weight of the stock which the land would 
carry, and the early maturity of the improved breeds enabled farmers to fatten 
them more expediuously 

Just as centuries of experience m mining, dyemg, and mcdicme were 
necessary to danfy the concept of a pure substance before theoretical 
chemistry could begin to flourish, centuries of experience m agriculture, 
stockbreedmg, and horticulture preceded and contnbuted to the recogmtion 
of those so-c^ed umt characters with which the pioneers of animal and 
plant genetics occupied themselves Histoncally the recogmtion that cer tain 
charactenstics regularly reappear m certam stocks and do not do so m others 
went hand m hand with the practical task of designmg the most favourable 
conditions for their appearance The geneticist makes his appearance when 
that task is accomphshed 

INHERITANCE IN HUMAN DISEASE 

The stud-book method of Bakewell fiirmshed the raw materials of the 
first and still the most successful discoveries about human mhentance They 
were made by coUectmg family pedigrees of individuals with congenital 
defonmties and diseases of the body The data contained m pedigrees can 
yield valuable information, if the mutant genes responsible for an idiosyn- 
crasy exert their effect throughout a wide range of environment* It is then 
possible to apply nuxnencal tests to detect their presence; and a large list of 
physical conditions pass the tests satis&ctonly* Thus red-green colour 
blindness and haemophilia (inability of the blood to dot) are due to recessive 
genes located on the X-chioinosomc} albinism, alfeapmur^ (blade urine). 
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and a paralysis known as Friedreich’s ataxia are due to recessive genes^ which 
are not located on the X-chromosome, brachydactyly (dwarfed fingers)^ and 
‘‘lobster claw” aie due to dominant genes 

In studymg inheniance m human bemgs, it is not possible to start with 
pure-bred stocks So if a human trait is recessive:, that is to say, if it is only 
manifest when the mdmdual receives a particular gene from both parents, a 
ccrtam proportion of mdividuals who do not manifest the same trait receive 
the gene from one but not from the other parent Similarly, if the trait is 
dommanl, that is to say, if it is recognizable when the mdividual who shows 
It receives a particular gene fiom one paient only, it may not be possible to 
tell from the appearance of any given mdividu^ whether he or she has 
received it from one or both parents This is no longer an insuperable 
difficulty Marriage is a lottery The natural history of lotteries, or, as we 
more usually call it, the theory of algebraic probabihty, shows us how to 
calculate what proportion of mdividuals will derive a given gene from both 
parents or from one parent only, if we know the proportion who do not 
possess It Thus the net expectation for different kmds of offsprmg of parents 
of a specified type can easily be calculated if mating occurs at random. Allow- 
ance can be made for the fact that stnedy random matmg does not occur 
by studymg the correlation between husbands and wives 

If matmg occurs at random, a simple arithmetical calculation shows that 
the number of mdividuals who carry a rare gene on only one chromosome 
IS twice the square root of the number who carry it on both members of the 
same pair of chromosomes What this means may be illustrated by albinism 
Albmism is a recessive condition In Bntam the proportion of albmos m 
the commumty is about one m twenty thousand According to the prmaple 
of random matmg, one m every seventy mdividuals who are not albmos should 
therefore carry the gene for albmism on one of their chromosomes For the 
same reason mdividuals who display a very rare dominant condition will 
nearly always possess the gene which determmes it on one chromosome only 
Genetic theory therefore demands that half the offsprmg of such mdividuals, 
if married to a normal person, will have the dommant trait This is easy to 
test m the numerous pedigrees of what medical men refer to as “hereditary” 
diseases or disfigurements. Such are brachydactyly, a congemtal absencre of 
one of the jiomts of the fingers, one form of mght blmdness, a somewhat 
repulsive abnormahty known as lobster daw which is a deformity of the 
lower limb, the disease known as diabetes insipidus, Himtmgdon’s chorea, 
and the eye defect called anindia. The observed proportions m famihes with 
one affected parent agree with numerical calculations based on Mendel’s law 
Such chseases could be eliminated m a generation if mdividuals suffermg 
from them were not allowed to reproduce WTnle chseases of this eJass are 
incurable, this is the only effective method of prevention 

An mdividual who exhibits a “recessive” condition must receive the 
gene from both parents. He or she may thus be the offsprmg of one of three 
types of marriage, a marnage between two recessives; a marriage between a 
recessive and an apparently normal mchvidual who carries the gene, or 
a mamage between two earners neither of whom exhibit the trait What has 
been said about albinism shows that marriages of the last type will be vastly 

2L* 
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mote common than the other two In other words, recessiv’s are seneraUy 
offspring of parents who are not themselves recessives and ha«^e no neir 
ancestors who are recessives They cannot be detected by collectmg long pedi- 
grees We have to resort to other means 

Genetic theory tells us that, if two parents are carriers, one-quarter of their 
ofiGsprmg will be recessives> Thus recessive conditions tend to turn up among 
several brothers and sisters in a family In the language of tne medical pro- 
fession they are “famihal ” The proportion calculated fiom gencuc theory 
IS easily tested by collectmg sufficient cases A second test is suU more 
valuable, especially if the rccogmtion of a recessive gene depends on con- 
ditions which are not always present m the fainilj envuonment Consan- 
gumeous parentage wiU always be more common among parents of recessives 
fbnn among the general population The proportion of consangumeous 
parentage can be stated preasely if we know -of the ranty of the lecessive 
< 7 nTid|tiftn About 15 pet Cent of the parents of albmos and of children who 
die of amaurotic family idiocy are first cousms The percentage of all mar- 
riages between first cousins m the population at large generally varies between 
0 6 and 1 6 per cent m European commumaes. 

Without recourse to mathematics, the reason for this is easy to grasp 
Taking at their face value the figures already ated, the square root lule 
Tn <-aTiR that if I carry the gene for albmism on one of my chromosomes, the 
fVianrft that I shall marry an tmrelatcd mdividual who is likewise a carrier 
IS only one m seventy If I marry my cousm, I am marrymg an individual 
who 'has received a certam proportion of her chromosomes from the same 
pair of grandparents as myself The chance that the ofTspnng ot two grand- 
parents 'Will both receive a particular chromosome from one of them is one 
m eight Hence, if I am myself a earner for albmism, the odds m favour 
of mar rying another camer would be nearly rune times greater than ti I 
mamed someone who was not related to me 

About a dozen of these recessive conditions are now well estabhshed One 
IS an eye disease, called rettmtis pigmentosa AmauroUc family idiocy and 
juvemle ama urotic idiocy are two other examples These are famihal diseases 
m which symptoms of arrested mental development are associated with 
ph 3 ^ical degenerauve changes m the central nervous system and eyes Death 
preceded by wastmg takes place m one durmg infancy and m the other 
about the age of puberty If two parents produce an amaurotic child, the 
odds are that one-half of their of&prmg will carry the gene and one-quarter 
will exhibit It. It IS difficult to }ustiiy the Enghsh law which docs not permit 
such parents to avail themselves of a very simple operation to prevent the 
further spread of the unwelcome genes which are responsible for these two 
formidable and at present quite mcurable diseases On the other band, the 
advantages of sterilization as apphed to diseased people can be greatly 
exaggerated Sterilization of the mdividuals directly affected is often 
undertaken by nature. All amauzotics die before they can propagate 
their kmd The ffict is diat selection ehminates rare recessive conffitions 
very slowly. If all albinos were sterilized m every generation it would 
pxobaUy tate several centunes to reduoe the inadenoe cf albmism to half 
Its present dimensions. 
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Recessive genes borne upon the sex chromosomes are easily recognized 
by the fact that recessive females are much rarer th an recessive males 
Red-green coloui blindness is a case of this type of mhentance Colour- 
blmd males are at least ten times as common as colour-blmd females 
Recessive genes knoven to be located on the sex chromosomes are more 
numerous than all the recessive genes at present known to be located 
on the remaining Uventy-thiee pairs of human chromosomes Perhaps 
this IS because the pecuhar t3rpe of inheritance to which they give nse 
attracted medical miercst moie than a century ago m connexion with 
the study of haemophilia There is a stram of haemop hilia m the Royal 
Houses of Euiope No eugemst has pubhely proposed sterilization as a 
remedy for defective kmgship 


PATFPNITY TESTS 

The tendency oi traits to stick together m the same pedigiee has made it 
possible to construct maps of the chromosomes m ammals and plants 
(p 1008) All the dislmguishable genes of the frmt fly and the sweet-pea can 
be assigned to their respective chromosomes and to a particular locus relative 
to other genes on the same chromosomes as themselves Most of the genes 
whose manifest effects are easy to distmguish m human bemgs are rare It is 
therefore exceedingly unlikely that we should encounter two in the same 
pedigree For this reason the possibility of constructmg a chromosome map 
of the human speaes seemed quite fantastic ten years ago 

Today the prospects are very hopeful The possibihty of domg so has 
emerged from the study of the blood groups. 

The discovery of the blood groups which are now used m testmg paternity 
was made m connexion with the practice of blood transfusion. This is some- 
times necessary after severe haemorrhage When it was first undertaken the 
results were enigmatic Sometimes it was beneficial, sometimes followed 
by collapse. The blood of the reapient might become curdled The circula- 
tion was obstructed It slowed down and soon ceased The danger was 
removed by the discovery that clumpmg of blood corpuscles may occur 
when blood from different mdividuals is mixed m a tube From this pomt 
of view the blood of some mdividuals is mcompatible with that of odiers. 
Individuals can thus be dassified m groups accordmg to their compatibdity 
Provided the test has shovm that the donor’s blood is compatible with the 
blood of the reapient, aU is well. 

It IS easy to separate the red cells of the blood firom the dear fluid (serum) 
left after normal coagulation by means of a centrifuge Red cells m salme 
solutions cannot be made to dump by addmg serum from blood of the 
same mdividual. They will often do so if serum of another mdividual is 
added. This shows that the dumpmg of the blood cells depends on a reaction 
between substances ‘^agglutmable” in the corpusdes and aggluti n a ti n g sub- 
stances (agglutmms) m the serum of another mdividual There are two of each 
of them. If an individual has both agglutmms, he can have neither of the 
agglutmablc substances If he has both the latter he can have neither of the 
^luthuns. If he has one of the agglutinins he can only have one agglutmable 
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substance, the one which does not react with it Classification of all possible 
types of reaction between sera and red cells of difierent persons shows that 
there are only these four classes 

Class A has an agglutmable substance A and an agglu tinin h Class B has 
an agglutmable substance B (which reacts with h to produce clumpmg) and an 
agglutinin a (which reacts with A to produce dumpmg) Hence mdividuals 
belonging to group A are mcompatible with mdividuals belonging to group B 
A third group is called group O because its red cells vrall not clump when 
treated with serum of any mdividuals It has no agglutmable substance Smce 
Its serum will make the red cells of group A or group B clump, it has both 
ggglntinins a and h A fourth group called AB has red cells which clump 
when serum of mdividuals belongmg to any one of the three other groups is 
added to them The serum of mdividuals who belong to this group will not 
produce clum ping of red cells fi:om mdividuals of any group Thus it contams 
neither a nor h 

Partly because relauves are ofi:en wilhng to act as donors when transfusion 
is necessary, simple rules of inheritance were detected at an early stage m 
the study of blood groupmgs Tests on over quarter of a milhon mdividuals 
and over five thousand familie s have now been placed on record So our 
knowledge about the gaienc basis of the blood groups is comparable to our 
knowledge of mhentance m animals which can be kept for experiment The 
foUowmg rules have now been established (a) if both parents belong to group 
O all the o:feprmg bdong to group O, (6) if one parent belong to group O 
and the other bdongs to group AB, the of&prmg bdong either to A or to B, 
(c) if one parent bdongs to A and the other bdongs to B the ofiEsprmg may 
belong to any of the four groups, (<0 if one parent bdongs to group A and 
the other belongs to either group O or to group A the of&prmg must belong 
to A or O, (e) if one parent bdongs to group B and the other to O or B, the 
offspring must be B or O, (/) if one parent is AB and the other either A or B, 
the of&prmg cannot belong to group O 

For various reasons, whidb. cannot be stated bnefiy, the few exceptions 
to these rules are due to ihe fact that biological and legal patenuty do not 
alwa 3 is comcide Hence blood tests can sometimes be used to show that a 
particular male is not the parent of a child For instance, a male bdonging 
to group O cannot be the father of a child who does not bdong group O, 
if the cMd’s mother herself belongs to group O. If the child belongs to group 
A, his father must have belonged to group A or to group AB. Needless to 
say, the fact that his putative &ther does bdong to one of these two groups 
wodd not prove that he was the real &ther. It merdy proves that he may 
have been In certam circumstances a test of this kmd may prove that an 
individual is not the &ther of a particular child. It can never prove that 
he IS. 

All the rules stated may be explained by rqgaxdmg group O as the basic 
stod; m which two dominant mutations have arisen independently at the 
same locus R on the same pair of chromosomes. One dominant gene A is 
responsible the m a mt fi ictiire of the a^lutinable substance A and the 
diminatiaa of the agghdntn a The other domhiaiit geae B is xeiponBible 
&r the of the subshmoa B ai yfi the dimination 
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of the agglutmm b Thus the genetic fonnula for group O is RR, for group A 
It IS AA or AR, for group B it is BB or BR, and for group AB, it is AB 

Recent research has led to the discovery of other blood groupings based 
on the compatibihty of human blood with that of vanous aTinnals which 
have been previously immunized to the blood of other mdividuals If 
blood-group testmg were earned out m all records of chniral pedigreee, 
It would be possible to ascertam whether rare genes responsible for diseases 
like amaurotic idiocy or mght bhndness reside on the same chromosomes 
as the three genes of the blood groups People have now been classifie d for 
their reactions to immunized sera of other speaes It has been shown that the 
genes mvolved m one such system of blood groups are not located on the 
same pair of chromosomes as the three genes of the A and B blood groups, and 
there is a very hopeful prospect that we shall soon be able to test for a blood 
groupmg referable to every one of the twenty-four pairs of human chromo- 
somes Recently it has been shown that about a quarter of the population are 
mcapablc of tastmg a group of substances alhed to the orgamc compoimd 
called phcnyl-thiourea. This substance is exceedmgly bitter to those who can 
taste It Abihty to taste is detenmned by a single dominant gene About as 
many people have the dommant gene as lack it Like the blood-group test, 
this reaction may play a part m the mappmg of the human chromosomes 

HEREDITY AND SOCIAL BEHAVIODR 

Several defects of neuromuscular organization, such as amaurotic family 
idiocyt all of them associated with detectable physical symptoms, are m- 
cluded m the hst of estabhshed diseases which depend on a gene difference 
which IS recognizable m aU customary conditions of development When 
the geneticist is confronted with a discontmuous character which only 
manifests itself m special circumstances, his first Ime of attad: is to find 
out everything he can about how nurture controls its appearance 

There is a mutant of the &uit fly which is deformed m the hmdmost part 
of the body It is usually referred to as “abnormal abdomen ” Fhes of the 
pure mutant stock r^iflarly exhibit the defomuty when grown m moist 
cultures They are perfectly normal when grown m a stale dned-up culture 
So long as the experiments are earned out m fresh cultures, matings with 
wild-type stock yiidd numencal ratios m keeping with the supposition that 
the difference between the mutant stock and the wild type is due to a smgle 
gene substitution If the cultures are allowed to become stale and dry, no 
consistent numencal results can be obtamed for an obvious reason Had the 
genetiast no means of preventing his cultures from drying up, he would 
have to confine his counts to larvae which hatdb out while the culture is still 
moist. 

A type of feeble-mindedness known as mongolism provides an example 
of how medical science can apply a similar method Mongols tardy have 
young mothers A high percentage of mongols have mothers about forty 
years of age or more. Smee the genetic constitution of the mother is not 
affected'by her age, the environment of the womb must have so mething 
to do with whether an mdividual is a mongol. By studying famili e s bom 
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after the mother has passed a certam age. Dr Penrose has been able to show 
what part heredity plays m producmg mongohsm 

Mongohan idiocy is assoaated with well-defined ph5rsical characteristics, 
to some of which it owes its name So far the comparison of pedigrees con- 
taimng feeble-minded or mentally deranged mdividuals with no disunctivc 
physical stigmata has not yielded information which satisfies any numerical 
criteria based on genetic theory This may be because the occurrence of 
imbecility and lunacy is due to a combination of genes too coraple's: to detect 
without recourse to experimental matmg which is impracticable It may be 
because a particular combmanon of genes and a particular kmd of envnon- 
ment are jointly responsible for producmg them 

Of Its very nature social behaviour depends on an environment complex 
which cannot be standardized Individual differences of social behaviour, as 
we observe them, are generally differences to which differences of environment 
and gene differences jomtly contribute When differences of environment and 
differences of gene eqmpment jomtly contribute to observed differences 
between human bemgs it may be that the responsible genes are rare (or arc 
mainly confined to a small group of people), while the conditions of nurture 
on which their detectton depends are relatively common Heredity is then 
the more significant source of variation Conversely it may be that the 
responsible genes are widely distributed m the population, while the relevant 
conditions of nurture are rare or very unevenly distributed The more 
important source of variation then resides m the environment In this 
sense we are entitled to ask whether nature or nurture is the most important 
agency which determmes mdividual differences The question can be m- 
vestigated on a statistical scale when it is not possible to find out which 
decides the fate of a particular mdividual Of several methods which can be 
used the three most important ones are (a) the method of twm resemblance, 
( 6 ) the method of adoption, (c) the method of consanguimty 
The method of twm resemblance was first suggested by Galton Partly 
because the pertment facts were not fully established and partly because 
there were msuffiaent endowments to support large-scale research, it has 
not been applied extensively till recent years. Embryological research has 
shown that when mammals produce several offspring together the same 
result may be produced m different wa3rs Most speaes have Utters of several 
offspring because several egg c^s are set free mto the womb when the 
mother is on heat A few multiparous speaes hberate only one egg at a 
tune The mass of cells produced from the fertilized egg then splits at an 
early stage of development to form several embryos. When multiparous 
pregnanaes occur in human bemgs and in cattle either process may be 
responsible. Hence human twins are of two fcmds. Ident^ twins, bemg 
descended from the same fertilized egg, have the same set of genes and are 
necessarily of the same sex. Fraierml twins, bemg descoided from different 
eggs, have sets of genes which are no more alike than those of ordinary 
offspring of the same parent. Such twins may be of like sex or unlike sex 
They can now be distinguished from the other type by rdiable testy. 

This feet may be used to investigate the relative importance cST nature 
and nurture in two ways We may compare the degrees ii similarity shown 
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by idenlicTl twins^ fraternal twins, and ordinary “sibs” (brotheis or sisters) 
brought up togetlier m the same family, and we may compare the resemblance 
of identical twms ic^icd apait with that of identical twms brought up 
together If iderucci turns are dccideoly more alike than fraternal twins m 
the same family we may conclude that hciedity plays a large part m decidmg 
tiie difiercncc Dctvvccn individual members of a bangle family If fraternal 
twins aie decidedly moic alike than ordmaiy sibs wc may conclude that the 
differences o^ erViV*onaieiit to ’which children of diffeient ages, brought up 
m the same family^ are exposed, play a large part m deciding the characteristics 
of mdividual membeis Smee the environment of a family at one social level 
may be very different from that of a family at another, the discovery that 
heredity is the chief cogency which deades what the characteristics of different 
members of the same fratermiy will be, does not necessarily imply that it is 
the chief agency which deades differences between mdividuals belongmg 
to different social classes, races, or rehgions This can be settled by comparmg 
the degrees of similarity shown by identical twms reared together and 
identical twms reared apart m totally different soaal circumstances It happens 
when they are adopted at birth, because their parents die or desert them 

The practice of adoption can also be used m another way If true sibs 
reared together are deadedly more alike than true sibs reared apart, or if 
foster sibs arc more ahke than pairs of mdividuals taken at random from 
similar homes, differences of home environment may be inferred to play 
a decisive role 

A third method of mvestigatmg the role of nature and nurture depends 
on the tlieoiy of mbreedmg Inbreedmg results m separatmg pure stocks 
from a hybrid population Hence it increases the amount of variety It 
lb not difficult to see that this is true where the number of genes mvolved 
IS small The reason for it is the same as the reason for the high proportion 
of albinos whose parents are first cousms Hence a high measure of variabihty 
among children whose parents are consangumeous, when compared with 
children whose parents are not related, pomts to the influence of nature 
rather than of nurtuie 

These methods of attack have been elaborated withm the last twenty 
years That they have been apphed to the study of comparatively few aspects 
of man's social behaviour is chiefly due to two circumstances. The first is 
the persistence of the stud-book mentality The overwhdmmg majonty of 
pubhcations ostensibly dealmg with human heredity are collections of 
pedigrees. The analysis of pedigrees can supply useful information when 
the data supphed by them satisfy numerical tests suggested by the known 
behaviour of genes. The fact that they pass the tests justifies the suggestion 
that ordinary differences of environment do not mterfere with the expression 
of the gene difference, and the conclusions drawn fix>m them are then irre- 
sistible. When the data supphed by pedigrees fail to do so we are m doubtful 
temtory, and the more so when we are studying soaal characteristics such as 
temperamental traits and mtellectual pcrforoiance, which are known to 
demand certain limiting circumstances of upbrmgmg The stud book is a 
reliable guide to the inborn qualities of pedigree cattle, because the farmer 
aims at equalmng the environment of individuals selected for parenthood. 
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For two reasons it is not a reliable guide to the contribution whicn heredity 
makes to diflferences of behaviour One is that the human family transmits a 
certam social tradition^ i e a particular sort of environment as well as a ceitain 
equipment of genes The other is that equahty of environment is not yet 
the recognized goal of social organization, least of aU by most cugemsts 
The stud-book method is used because those who profess to accept the 
stud farm as a model for human betterment shrink from promotmg the social 
arrangements which would make the analogy pertment to the circumstances 
of soaal life 

Another senous obstacle to progress is the pauaty of methods for measurmg 
and descnbmg differences of social behaviour A beginmng has been made 
with the intelhgence tests of Bmet, Terman, Burt, Spearman, and others 
When people apply the word mtelhgent to a person they do not mean some- 
thmg as d efinit e as black, freckled, or mtoxicated This does not imply that 
no useful meanmg can be attached to the word mtelhgent as a description 
of the characteristics of human bemgs Different observers can arrange a 
group of mdividuals m a scale of what they call greater or less mtelhgence 
They can then see whether their arrangements tally and whether it is possible 
to devise some mdependent test by which the same group can be arranged 
m a way which corresponds fairly closely with mdependent estimates based 
on personal impressions This is what an mtelhgence test does. Extensive 
and careful statistical researches have been undertaken to devise a scale which 
will record what is common to the various ways m which people use the word 
intelhgenty when they apply it to the social behaviour of children and adoles- 
cents It does not necessarily follow that the intelhgence tests give a )ust 
measure of all that we commonly mean by the adjective intelligent when we 
apply It to adults Probably the mtellectual performance of adults depends 
quite as much on temperamental charactensnes ordmanly desciibed by 
alertness, persistence, curiosity, or a sense of humour as on the t3^e of facility 
which mt^gence tests assess. Hence proposals to hmit educational faalmcs 
to children who get high scores m such tests are exceedmgly dangerous 
It is never suggested that the education of the prosperous classes should be 
limited m the same way So the pohtical motive is not far to seek. 

The great advantage of the tests on which such scales are based is that 
they yield very constant results for the same mdividual exammed on suc- 
cessive occasions, if the mtervemng period is short They also give fairly 
constant results for the order of mdividuals withm a group when it is tested 
successively over a penod of several years. What is important for our purpose 
IS that we now have a method of descnbmg one aspect of human behaviour 
with some precision and reliabihty It can be passed from the hands of one 
observer to another. So we can pool the results of intelhgence tests as we 
could not do if we had to rejy on any customary scale such as teachers* 
estimates, examination results, or employers* testimonials. 

This means that the biologist can investigate to what extent differences 
of mtdhgence are associated with the feet that different children are bom 
W1& different genes, and how fer the manxfestatioa of such gene differences 
IS independent^ of maternal health in pre-natal existence, other conditions 
of uterme environment, a poorly nourished bodys over^indulgent jmrents. 
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over-bearing brothers and sisters, sympathetic teachers, and an infinite 
variety of other circumstances which distmguish the physical and social 
environment of one mdividual from another The most defimte conclusion 
which has yet been reached is that the average differences between the 
intelligence quotients (IQ) of identical twms brought up together are small 
m comparison with average differences between intelligence quotients 
of fraternal twms brought up together In fact they are no larger than 
average differences between successive tests on the same mdividuals 

While this shows the influence of heredity on differences between 
individuals who enjoy the benefits of the same home environment and 
the same uterme environment, it does not tell us any thing about mdi- 
viduals who belong to famihes at different soaal levels Identical twms 
reared apart are d iffi cult to find, and the social machmery of adoption usually 
places them m homes at the satne social l&oel The fragmentary evidence 
available shows that the average IQ difference of 10 pairs of identical twins 
reared apart is 7 7 points The average IQ difference for fraternal twins 
reared together is oiy 8 4 pomts If we had a large sample of identical 
twms reared apart m homes at different social levels the difference roight 
well be greater than 7 7 Even so, the citizen may judge for himself whether 
scare headhnes about the dedme of the nation’s mtelhgence belong to the 
province of saence 

In the Aliddle Ages the advance of physical science was held m check 
because Cathohasm refused to countenance any challenge to its mteUectual 
pretensions Today the advance of human genetics is held back because 
the prosperous classes refuse to tolerate any challenge to their mteUectual 
pnvilegcs The natural mission of the middle class or of the Aryan race has 
now replaced the divme mission of the Church mihtant There is no need 
to ransack Nazi pubhcations for illustrations of a temper which exists else- 
where In the offiaal organ of the Enghsh Eugemes Soaety which he nghtly 
remarks “has always been espeaally mterested” in “that portion which is 
popularly called the upper and middle classes,” an Enghsh biometnaan, 
also a prominent eugemst, propounds the question “who are the middle 
class?” The answer he gives is ilus: 

la consequence of this selective process this class has necessarily become 
differenuated m certam hereditary respects from the general body of the 
population from which it is contmually reermted In the case of mtelhgence this 
difference is readily demonstrable by applymg the psychological tests to the 
children of different occupational groups But we should be altogether mis- 
taken if we took It that the only important difference lay m mtelhgence There 
must be at least a dozen other psychological characters of importance govemmg 
self-control, ambition, judgment of character, aesthetic taste, foresight, grasp 
of moral prtnciple which have been at least as mfluenual as mtelhgence m 
gmding the process of social promotion durmg the last two centuries of which 
our class is the product. 

Perhaps no better word than grasp could have been chosen for this context. 

When human genetics is subsidized to advance the fullest use of hu m a n 
talents without regard to social dass, it may be possible to detect and measure 
racial differences of mtelhgence dependmg upon differences of genetic 
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constitution One difficulty of treating group dtfferences of this kind in a 
genuinely scientific temper will be less when psychology can equip biological 
research with a sufficient variety of similar methods for the precise descrip- 
tion of other aspects of social behaviour One can assert that deaf-muasm is 
commoner among Jews than among Gentiles without mcurnng the chaige 
of anti-Semitism With so many diagnosable physical ailments to choose from. 
It is possible for normal people to discuss the occupational or racial distribu- 
tion of any singla disease of the body without assummg a tone of impudent 
superiority No smgle race, class, or nation has the monopoly of all the 
virtues. 

Hitherto the only social impetus to the study of human genetics, especially 
m so far as it is concerned with the part played by heredity m social behaviour, 
has come from proposals for restnctmg educational expenditure and pubhc 
money spent on institutions for the care of its defective members, from 
pohaes concerned with ruthless exploitation of backward peoples, and from 
the psychological frustration which has accompamed the acceptance of 
sterility as the cardinal virtue of the middle classes The eugemc movement 
has recruited its members from the childless rentier-twentieth-century 
bourbons who have earned nothing and begotten nothmg Its volupmous 
msistence on mutilation as the goal of apphed genetics has borne fnul m no 
outstandmg discoveries Human genetics has not yet discovered an incentive 
suffiaent to guarantee its further progress. It will not do so while the selfish- 
ness, apathy, and prejudice which prevent mtellectually gifted people from 
understanding the character of the present crisis in avdization remains a 
fiiT greater menace to the survival of culture than the prevalence of mental 
defect m the techmcal sense of the term 

This does not mean that the study of human inheritance is unimportant 
On the contrary it has eveiythmg to gam by out-growmg the castration 
complex With die prospect of a spectacular declme of population m the near 
future constructive statesmanship will be more and more preoccupied with 
ways and means to encourage parenthood Consequendy it will be less and 
less frvourable to drastic proposals for sterilizing the harmlessly unfit For the 
same reasons it will be more and more committed to an active policy of 
preventive medicme As part of an active pohcy of preventive medicme the 
fiimte of human genetics is assured No commumty is hkely to stenlize 
people who suffer fium frontal smus infections, or to subsidize research which 
leads to the conclusion that people who suffer from sinus infections should 
necessarily be sterilized. What makes it important to know everything which 
can be foimd out about the contribution of heredity to such diseases is that 
if we have such knowledge we can forewarn people who are liable to contract 
them agamse exposmg ffiemselves to the dangers of infix^lon. So long as 
stenlizadon is the go^ of human genetics, its scope must be linuted to the 
study of comparanvely serious disorders As a department of preventive 
medicme it embraces the whole field of disease. 

Analogous remarks apply to education. Eugenists are never tattd of talkh^ 
about the “waste” of ex p enditure on those who are nature” unable to 
benefit from it Naturally this docs not engage the sympathy of educationists 
who take then jo^ seriously. Nor 4o<s it eqlist the support of intelligent 
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Citizens^ who reahze that no society is safe m the hands of a few clever 
people If knowledge is the keystone of intelligent citizenship^ the fact 
that many people do not benefit fiom existing provisions for instruction 
IS less a criticism of themselves than a criticism of educational machmery 
The possibihty that heredity plays a large part m such differences is 
only relevant to pubhc expenditure^ when we have aheady decided 
wheihei we want more or less education We do not need biologists to 
tell us that any subject can be made dull enough to defy the efforts of any 
but a few exceptionally bright or odd individuals By explormg mdividual 
differences human geneucs might help us to find out how to adapt our 
educauonal technique to mdividual needs It wiU do so^ and gam prestige 
m consequence^ when it ceases to be an apology for snobbery, selfishness, 
and class arrogance 

SELECTED REFERENCES FOR PARTS IV AND V 
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THE NEW SOCIAL CONTRACT 

Two questions assert themselves as we take leave of one another One is 
whethei the present tempo of scientific progress will contmue, or whether 
we are hvmg m the twihght of a culture to be followed by dreary centuries 
of commentaries and imitators The other is whether the bulk of rngnirm^ 
will reap the benefit of the new powers and mventions which advancmg 
saentific knowledge has placed at our disposal, or whether the vast destruc- 
tive instruments which it has also created will be used by power-seekmg 
to destroy any immediate hope of a bnghter future for the hmnati race To 
the extent that our own conduct can contribute to the answers we give they 
are not imconnected Saence for the Ctttsen began with a quotation m which 
the great German chemist Liebig declared that “only the freeman has a 
disposition and interest to unprove ” Inescapably it ends on the same note. 
The further progress of saence depends on how far the saentific worker 
and his feUow atizens co-operate with one another m applymg saentific 
knowledge to the sausfaction of the common needs of mankind 

Before discussmg the first question it is important to danfy a distmction 
which IS commonly taken for granted The separation of human soaeties 
mto soaal classes which enjoy abundant leisure, or are deprived of it, has 
encouraged a superfiaal and arbitrary division of science mto two branches, 
pure and applied Accordmg to a view which has survived from the time of 
Anstotle, pure saence is saence sot^ht for its own sake Its suffiaent jusu- 
fication is the mdividual satisfiiction it brmgs to those who are m the fortunate 
position to pursue it In contradistmction to pure saence, so defined, apphed 
saence is saence adapted to the discovery of material amemues which 
benefit mankin d m general or those who patronize the pursmt of it The 
sense m which saence is worth studying for its own sake has beoi discussed 
at length elsewhere (p. 736). Here we may content ourselves with a single 
comment which has been emphasized repeatedly m what has gone before. 
From the craftsmen navigators of the Mc^terranean m the seventh century 
B.C. to the researches of Pasteur on silkworm disease, saence has advanced 
conspicuously when it has been actively m contact with the world’s work 
From the astronomer pnest of Gizdi to die pncstly astronomer of the Gifford 
Lectures, saence has dechned when it has taken refiige m prophecy The 
ventable orgy of pubhaty with which the Press Lords have rewarded astro- 
ph5rsical extrapolations is the proper corollary of the proposal for a mora- 
tonum on scientific mventions. 

Setenoe is not cosmic prophecy. True scaence, in the words of Robert 
Boyle, 18 such knowledge “as hath a tendency to use.” A saentific law 
embodies a recipe for doing something, and its final vahdificatioin rests m the 
of actam. The immense confidence which certam saentific generaliza- 
tions rightly command depends cm ]arge*acale opportumties for testir^ then 
c^Maty to bear firuit m the commonplace activities of everyday life Specu- 
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lative extrapolations concerning the age of the universe change from day to 
day as astronomical knowledge advances, and we should be justified m 
treatmg astronomers with the same suspiaon as pohticians if the credentials 
of astronomy had no firmer basis Our rehance on astronomy is justified by 
the fact that It provides the farmer with a calendar of the seasons, the fiisherman 
with a table of tides, the statesman with a map, the Umon Castle Lme vwth the 
means of navigatmg a ship mto port, and the Almister of Transport with fines 
firom motorists who fail to hght up after avd twihght ends The only valid 
d iatiTirtinn between pure and apphed research m natural science hes between 
mquines concerned with issues which may eventually and issues which already 
do arise m the social practice of mankmd Consequently, the pure scientist 
knows that he has everythmg to gam from encouragement of apphed research, 
and if the last survivors of Darwm’s generation still murmur doubts about 
Mendelism, the experimental genetiast goes on his way serenely confident 
that the Feathered World wiU contmue to advertise day-old sex-hnked chicks 
or that rabbit fumers now know how to make pure lilac from blue beveren- 
chocolate havana crosses, or how to fix “Rex” on any colour pattern m two 
generations 

Pure and apphed saence are not mdependent soaal phenomena They are 
mextncably related as shoot and root m the process of healthy grovirth 
Growmg saence is the umty of theory and practice Without its roots firmly 
planted m the moist soil of social practice the green shoot of pure saence 
withers and becomes the dead tru^ of metaphysics Without the aspirmg 
shoot of theory sustammg it with the nutriment of air and sunhght, the root 
of apphed saence degenerates mto the dry wood of empirical repetiuon 
This is no new truth, nor paradox. It has been stated and restated anew 
m every age of rebirth Hear, for instance. Sir William Petty in whose rooms 
the Invisible College held its first meetmgs 

Hmdrance of the advancement of learning hath becne because thought, 
theory, and practice, hath been always divided m scvcrall persons, because 
the ways of learning are too tedious for them to be joyned And whereas 
all writmgs ought to be descnptions of thmgs, they are now oncly of words, 
books know httle of thmgs, and the practicall men have not language nor method 
enough to describe (them) by words 

The superfiaality of this duahsm, which we perpetuate m our umvcrsities 
and techmeal colleges to the detriment of both, may be illustrated by revert- 
ing to another metaphor used elsewhere. Sdenoe is not a photograph of the 
real world It is a map, m which mountams, nvers, and vi^ys ate variously 
coloured not to represent their actual tmts, but bemuse the colours can give 
us useful directions. It is one thing to say that a disapline can only rank as 
genume science when it can also supply us with; reapes for the practical 
conduct of afifiurs, and it is another to say that scientific research is must 
always be confined to topics of immediate social value. If you have to build a 
railway you need a map. It is obviously superficial to draw a sharp distinction 
between the work done in mapping the actual ti»dc traversed as work 
m contradistinction to aUthe uM&es workof rnippiii^the part of the iw r i ’ ho r y 
over which no tails are laid down. One reason is thM you cannot know what 
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you will have to sciap till your task is finished Another is that the existence 
of the railway may make it necessary or desirable to have a water supply, 
town, or sanatorium m the vicmity 'S^ot is easily overlooked is that the part 
of the map where no rails are laid down, where no town is built, where no 
wells are tapped, and where no sanatorium is erected would not have been pros- 
pected unlei^s there hadjhst been a definite social reason for constructing the map 

Among the few who leahze the vast expense at whicn modem scientific 
work IS conducted some will here put foiward an objection such as this 
So far, so good We recognize that the aveiage auzen, still less the average 
capitahst, will not be mduced to subscribe voluntarily, or from taxation, to 
the upkeep of scientific lesearch, unless he foresees jlie prospect of some 
matenal benefit We recognize also that theoretical advances often arise as 
a by-product of research conducted in this way What we assert is that the 
social value of knowledge is not exclusively circumscribed by its matenal 
rewards, and that socially useful knowledge which confers no matenal benefits 
IS necessarily nursed by the existence of a class with leisure to occupy them- 
selves with Its pursuit Although it is not often stated, this embodies a view 
which is held by many thoughtful atizens 

As did Lucretius, the wntcr of this book beheves that one of the benefits 
science bestows, and not the least of them, is to liberate mankmd from the 
terror of the gods Scientific knowledge gives us the means of plannmg for 
plenty and also helps to free us from habits which prevent us from domg so 
The dividing Imc between progress m saence and progress m morals is not 
clear cut Our moral attitude to witch-bummg (Chapter VII) is not imconnected 
with advancmg saentific knowledge of chemistry, and advancing saentific 
knowledge of medicine (Chapter XVI) is not unconnected with social mores 
concemmg the health of the masses So the social use of saence is not 
exhausted by matenal welfare, as the term is ordinarily defined In the words 
of Robert Boyle we are not entitled to expect that the “goods of mankmd 
will be much mcreased” by the archaeologist's “msight mto the trades ” 
None the less, lack of archaeological knowledge may prevent us from usmg 
“the natuialist’s insight mto the trades,*’ or from contmumg to exist long 
enough to use any sort of knowledge at all. A little mstruction m elementary 
archaeology would have made it far more difiSicult to spread the doctrmes 
which have been used to bolster up the present war madness of CentralEurope. 
The view stated m the precedmg paragraph therefore deserves sympathetic 
attention 

It IS always wiser to be guided by the expenence of the human race than 
to be circumscribed by the limitations of oux reasoning and imaginative 
endowments. Before we are driven to conclude that essential umty of theory 
and practice m saentific progress apphes only to such branches of positive 
knowledge as mimster to man’s matoial needs, we should therefore be 
guided by the history of saences which do not conspicuously do so In the 
hght of current events archaeology daims a promment place among the 
latter. It is therefore mstructive to ask m what circumstances the saence 
of arcihaeology advances. We have, m fact, a noteworthy illustration in our 
own generation. The search for new mutations as a basis for selecuve stock 
or cre^ improvement is now based on outbreedmg to wild populations which 
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have not been exhausted by previous selection In connexion with its plans 
for increased cereal production the Soviet Union recently financed the 
most ambitious scheme of archaeological research yet undertaken The 
objective of this expedition, m which the genetiast Vavilov played a leadmg 
part, was to ascertam the focal locahties of cereal origins 

It would be unwise to cite the grandiose scale of this mquiry as an isolated 
case. So we may also recall the circumstances which gave birth to Egyptology 
Our knowledge of the early history of Egypt begms with the Rosetta stone 
For long the inscriptions m picture-wntmg on Egyptian tombs weic an 
impenetrable mystery to which classical hterature furnished no clue The 
Rosetta stone of basalt stele, by 2^ ft m size, was mscnbed with a decree 
of Ptolemy V m hieroglyphics, demotic and Greek By aU appearances it was 
like the trilingual notices which are often seen at money exchange bmcaux m 
ports, and the Greek version therefore provided the key which eventually 
enabled C3iampolhon to deapher the scnpt of pnestly Egs^pt. It was dis- 
covered m 1799, and completely elucidated m 1831, smce when a new field 
of historical science has b^n explored 

The discovery of the Rosetta Stone was the result of an expcdiuon in 
which science was faced with a new and imperative social demand The 
story of the expedition m which Napoleon was accompamed by a veritable 
galaxy of French scientific men, mcludmg Founer, the mathematiaan, to 
survey the country, with BerthoUet, the diemist, to study the Nile munda- 
tions, IS told by A G. MacdoneU {Napoleon and Hts Marshals), 

The wreckage of dead Admiral Bruix’s Erne of Battle was still dnftmg in 
the Bay of Aboukir when Bonaparte flung himself buoyantly mto a thousand 
details of organization Nine days after the news of the Nile he was establishing 
the Institute of Egypt m Cairo, accepting its vice-presidency under presi- 
dency of the great mathematician Monge, and settmg a number of little 
problems to the savants at their first session (A new regime was beginnmg, 
tmder which even professors had to rmngle the practical tmth the abstract ) 
*‘Can the baking ovens of the army be improved?*’ he demanded of the men 
of science? Could any substitute for hops be found for the brewing of beer? 
Was the windmill or the water-mill the more suitable for milling at Cairo? 
How could the army estabhsh a powder-factory, and did Egypt possess any of 
the mgredients for the manufacture of gunpowder? On the less utihtarian side, 
the demoniacally energetic Commander set the professors to work to study 
and measure rums, decipher hieroglyphics, and make drawmgs of statues It 
was mconvement that Nelson should have destroyed the French fieet, and 
severed all communications between 40,000 Frenchmen and France, but that 
was no reason why the Sphinx should not be measured, the Rosetta stone deci- 
phered, the land surveyed, the soils analysed, and the mundanoiis of the Nile 
determined At Suez Bonaparte himself found the canal of Sesostns, half as 
old as time, and followed Mahomet and the great Saladin in signing his 
m the visitors’ book of the monks of Sinai. 

The questions which we have set ourselves in these conduding comments 
can only be answered m a very lunitied sense. The best answers we hope 
to find Jfor them axe metrdy statements about the limjttatums whkfa our own 
conduct imposes. Beyond that^ anything we mjg hy say would usurp 
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prophetic prerogatives of the astronomer priests and the priestly astonomers 
To oar first question, whether saence will continue to progress at the tempo 
of recent years, our narrative has already supphed two such reservations. 
If the ph3^icist capitulates to the firozen patents of monopolistic capitalism 
and seeks refuge from reahty m speculations about the future of the umverse 
five milhon milhon years hence, if the geneticist accepts the lop-sided 
mechamcai technology of today and is content to culture his frmt flies m 
the laboratory, cut off fiom the urgent problems of crop and stock, if our 
biologists use the«r knowledge to concoct ingemous excuses to defend educa- 
tional privileges and impenahstic exploitation of backward cultures, physics 
and biology uill lose the diivmg force which science has alwa3re derived fixim 
bving contact with the world’s productive work, and the satisfaction of man’s 
common needs If the chemist devotes his mgenmty to makmg gases and 
sprays to bhnd and suffocate the inhabitants of great aties, and bacteriologists 
consent to spread plagues to infect the reservoirs and stock of enemy popu- 
lations, the survivors of our civilization will declare that our science has 
exacted too high a price for its benefits Even if science and civilization do not 
pensh together, both will suffer a heavy setback for many years to c»me 

Happily there is much to encourage us m the hope that scientific men m 
democratic coirntries are awakemng to a new sense of responsibihty whida 
recalls the social outlook of the founders of the Royal Society, when they 
drew up the Heads of Enquiry Alany circumstances have conspired to the 
same end. It is becommg mcreasmgly evident that capitahsm as an economic 
system has lost the imtiative of its youth and that m many departments, 
cspeaally and most obviously m the development and application of bio- 
logical knowledge, saence can only look to pubhc enterpnse for further 
encouragement. Beyond this looms the shadow of dictatorship To an extent 
which would have been difficult to have foreseen, the professional consaence 
of the sacntific world has recoiled &om the wholesale expulsion of saentific 
workers by Hitler’s regime. Twenty years ago few woiffd have beheved it 
possible that the American Association of Saence would take the lead m 
endorsmg the Calder plan for a world umon of saentific workers m demo- 
cratic countries 

We turn now to our second question, the immediate prospects for extendmg 
the benefits of saence to the service of mankmd This is not a pnmer of 
politics, and It would be immodest of the author to attempt a complete 
analj^is of -the impediments which prevent us from realizmg the new 
potentials of soaal well-being, except m so &r as problems whidi perplex the 
citizen of today are speaaUy relevant to its theme. In some of what will be 
said subsequently the wnter is drawmg what he bdieves to be mescapable 
conclusions firom the record of saentific progress Elsewhere opmions 
advanced are those of one fellow atizen communing with another 

Durmg the past century saentific knowledge has created new potentials 
of social organization vastly m excess of an3rtbing for which the political 
education of mankmd is prepared Seventy years ago it was still possible 
to discuss whether poverty was morally tolerable or materially mevitable. 
It was still possible to discuss whether war was spiritually edifying ox socially 
escapable. AO. this is changed. Poverty m the sense m which it was then 
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defined, the sense m which the word is mtelhgible to the soaal biologist, is 
not materially mevitable The only obstacle to removmg it is bck of soaal 
imtiative War is not a moral picmc It threatens to destroy the entiie labile 
of our avihzation, if we do not eradicate it with as much piomptitude and 
ruthlessness as we have eradicated, or are eradicating, smallpo':, xnalona, and 
yellow fever 

While composu^ this epilogue, which was written as an afterthovght, the 
writer came across the foUowmg headlines m a current issui of the 1 ondon 
Datly Tel^aph 

30 PER CENT OF COFFEE CROP TO BE DESTROYED . TONS 
DUMPED IN SEA OR BURNT . DOOMED CARGOES GUARDED 
BY POLICE 

The average atizen is getting accustomed to this sort of thing Daily he 
hears of coffee crops destroyed, cotton crops burned, wheal thrown ovci- 
board He knows, or he half knows, that science has created this abundance 
If he can be satisfied with a myth, tJae mjrth itself must have the similitude of 
saence The leaders of German national soaahsm were astute enough or 
lucky enough to see this Their fake biology became a fashion because it was 
at least a htde nearer to reahty than the culture it supplanted It was not 
by sdf-admission anti-saentific like so much so-called progressive thought 
m British pohtics With its Nordic nonsense, its neo-pagan chaiadcs, its 
medieval Jew-baitinp, it had more topical vitality than the monbund 
Mediterranean culture of its Liberal competitors, which drew its inaicnol 
mspuation from the surplus wealth created by manaded slaves m the silver 
mmes of Attica From this pomt of view die dangers which beset democracy 
m Bntam are far greater than they are m Amenca, m France or m Scandi- 
navian countnes English pohtiaans are probably the most expensively 
uneducated class of people alive at the present day * 

In replacmg human ^ort and crude natural products by manunate power 
and synthetic substitutes mankmd has vastly mcreased the range of possible 
choice consistent with satisfaction of fundamental human needs. This means 
that the deavage between mere goodwill and knowledge is deeper than it 
has ever been before, and that an education which will fit statesmen to take 
advantage of the new powers for soaal well-being or fit atizcns to choose 
them must be deeply unbued with naturahstic knowledge. On this account 
the immediate outlook for constructive statesmanship m democratic countnes 
IS not encouraging The parties identified with a humane and generous 
outlook on human relationships, committed to the advancement of peace and 
wiUu^ to promote the common ownership of industrial resources, rdy for 
leadership on a legal and hterary mtdligentsia framed to think within the 
firamework of property rights Accordmg as they are identified with a more 
or less extreme view, the problem as they see it is how to transfer wtignng 
industries &om private to public ownership by confiscation or with compensa- 
tion. That many industrial operations would soon become tecbuoolt^cal ana- 
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chronisms m the ordinary course of events does not enter their heads Still 
less does the akcmative pohcy of using the organized power of the community 
fojt the creation of nev'’ mdustries to hbeiate new technical resources which 
piivate enterpiise has failed to exploit In Bntam the example of the BBC 
has shown that when pubhc enterprise takes creative initiative, pohtical 
opposition IS at a minimum 

German social demociacy, which has now made way for the war-mongers 
ol the Third Reich, v^as a political theoiy permeated with this false assumption 
that mdustries last for ever What we have learned about the Impact of 
Science on Society in Chapters IX to XV has shown that no flounshmg 
modem maustry existed m its piesent foim when the wood economy was 
appioaclnng its compleuon durmg the middle of the eighteenth century 
It is but forty years since the first vehicle driven by an mtemal combustion 
engine appeared on the streets, and it is not difficult to unagme the conse- 
quences of nationalizmg the hansom-cab buildmg mdustry m the early 
nmeues. We might have published to the world at large that our collectivism 
was more conservative than private competition by prohibitmg the import 
of motor cars, or we might have thrown the burden of wmdmg up a bankrupt 
industry on the middle-class taxpayer On a large scale either pohcy might well 
have contributed to much the same result which we see m Germany today 
Thus one reflection prompted by our survey of the Impact of Science on 
Soaety is this The primary task of constructive democratic statesmanship 
IS not to transfer property nghts m existmg mdustry from pnvate to pubhc 
ownership It is to devise the machmery of socii ownership to exploit 
new techmeal resources made available by State subsidized research (see 
pp 713-14 and 900) 

This IS not to say that no steps should be taken to secure soaal ownership 
of existmg mdustnes This may be a means of suppl 3 rmg new techmeal 
mitiative, and constructive statesmanship wiH then seek ffie rational support 
of the citizen by advancmg clear-cut proposals for domg so It may also be 
a means of avertmg temporary hardship to employees, and constructive 
statesmanship would then aim at a parallel pohcy for gradual absorption of 
the workers m newer mdustnes Techmeal progress demands a Chelsea 
hospital m which veteran mdustnes can die gracefully 

The power to shape the future course of events so as to extend the benefits 
of advancmg scientffic knowledge for the satisfaction of common human 
need may now be ours m so far, and only m so far, as our conduct is guided 
by an understanding of the impact of science on human soaety Durmg the 
latter half of the mneteenth century a powerful school of political thought 
was led to advance three mam conclusions from a study of the influence 
which changmg technology was then exertmg on the social superstructures 
of the time. One was that nations were becommg economically more mter- 
dependent, A second was that skilled and privileged workmanship and the 
standard of life of the employed classes as a whole would contmue to dedme 
The third was that the mihtant opposition of the employed classes to the 
existing econormc system would contmue to increase. On these conausions 
they based a social pohcy which has outhved the impulse to searching 
examination of current events from the same standpomt. 
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As a descnption of dommaiit tendenaes m the first phase of modern 
power production when steam was replacmg water^ no exception need be taken 
to the statements made above They make up a penetratmg analysis of what 
was happemng m 1870, when such doctrmes took root Steam navigation and 
telegraphy were speeding up mtemational trade The old style craftsman 
was makmg way for the machme mmder, and umversal schoolmg had not 
been introduced Radio and cinema had not placed new mstruments for 
mouldmg mass opmion m the bgnds of Government, and there was as yet 
no popular Press. 

Certam features which distmguish the imtial and the present phases of 
modem power production have emerged m Chapters VIIT, XII, and XIV 
The first phase began about 1780. Imtially the owners of the larger mdustries 
were often men like Roebuck, Boulton and Wedgwood 1 hemselves 
mventors or actively S 3 mipathetic to the advancement of talent, they partici- 
pated directly m the task of admimstration and truly contiibuted to the pro- 
duction of wealth by their labours The mventor and technical expert could 
stiU antiapate advancement leadmg to partnership, and lower managerial 
posts were filled by promotion from the general body of workmen This 
allunng picture has htde resemblance to the conduct of large modem 
mdustnes In the second phase of power production, that is to say from about 
1880 onwards, techmcal improvements of mdustry have been largely due 
to discoveries made m laboratories supported from public funds by men such 
as Faraday and Henry (see pp. 713-14). The ownership of mdustry has 
passed more and more mto tibie hands of an amorphous parasitic army of 
shareholders who exercise no creative function m their capaaty as such 
The actual labour of admimstration and techmcal control has passed into 
the hands of a growing class of salaried oflBicials whose employment is detcr- 
nuned pardy by special educational qualifications and partly by social influence 
At the apex of the hierarchy are the finanaal conjurors who can mampulatc 
a system of costmg with no relevance to the balance sheet (Chapter XII, 
p 622) of human effort and materials made available for the satisfaction of 
common human needs They exercise credit power to buy up new patents 
which might otherwise be used by weaker competitors. As often as not the 
patent is put mto cold storage — ^the **ice-box/^* ^ 

Needless to say, broad generalizations of social taxonomy, like the best 
systems of animal or plant classification, adnut many exceptions In one 
respect social evolution resembles orgamc evolution. One system may undergo 
extreme specialization while other structures retain a primitive level of 
organization This 1 $ illustrated by the contrast between the human fore hmb 
which IS relatively archaic and generalized of its kind, and the human fore- 
bram or skull, both of which are new and umque. So also in soaal evolution 
one institution may develop rapidly and speoakze, while another lags behmd. 
Till twenty years ago much of the tailoring and fiirnituie manufecturc in the 
East end of London was still earned out by individual craftsmen employmg 
one or two helpers with much the same status as the journeyman or apprentice 
of medieval h^ustry. By a judicious selectioii of matenals it is therefore 

^ Vide B. T Stem, Remamts stpon the Utthsathn pf Inomtsom Am Acad. Fol. 
Soc , November 1938 . 
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easy to bnef a case for the behef that the donuoant influence of technologi- 
cal agenaes is now much the same as might have been inferred from the data 
available m the middle of the nineteenth century 

A closer scrutiny of the facts which he before us forces us to modify this 
judgment Smce the advent of hydroelectric power, the mtetnal combustion 
engine, wireless communications and aviation, new te ndennpg have become 
evident, working m a different direction No ^ubt those who grasped what 
was bigmficant m the technological onentation of 1870 would have no diffi- 
culty m seemg this, if they were still ahve Their disciples would also see it if 
they appioached current events with the same fireshness of outlook Today 
there is no mfluential school of pohtical thought gmded by a dear understand- 
ing of the effects of curient changes of mdustnal techmque on occupational 
mobihty, mternational relations, parental responsibihty, prestige values, 
permanence of emplo 3 mient, or soaal stabihty From this pomt of view con- 
temporary pohtical doctrmes fall mto two groups The first mteipret pohtics 
in terms of natural rights of caste and race, or moral rights of property and 
poverty 1 he second is content to mterpret it m terms of the technology of 
the steam engme Between the two there is htde to dioose A social pohcy 
based on caste, monetary values, or moral mdignation offers no constructive 
guarantees A militant programme based on the technology of 1870 now 
mvitcs disaster Let us therefore examine in turn each of the three doctrmes 
stated m an earher paragraph 

The behef that mcreasmg scientific knowledge makes for doser economic 
mterdependence, and, what was often stated as a corollary to this, the behef 
that this mcreasmg mterdependence provided a guarantee of world peace, 
was a dogma umversally held by progressive thinkers m the mneteenth 
century This was not unnatural m the first flush of surprise which fol- 
lowed the rntroduemon of steam navigation, transcontinental railways, and 
oc%amc telegraphy Our own perspective is different. We have seen m Science 
for the Citizen that Chile saltpetre can now be made out of atmospheric mtro- 
gen, that Cheddar cheese can now be made anywhere, that hospitals are usmg 
radio-active sodium prepared ffom ordinary salt mstead of havmg to import 
the rare racho-achve mmerals, that the Channd Islands are no longer 
regarded as a suffiaent guarantee of the genetic caredentials of cattle, that we 
may soon be makmg most of our machmery of aluminium from the clay of 
our soils and magnesium from sea salt, that we are already begmnmg to feed 
our pigs on the ffismtegration products of wood pulp, to grow several crops 
of tomatoes a year by tank gardemng, and to produce sugar by the agency 
of bacteria firom vegetable waste matter. 

Without committing ourselves to any dogmatic assertions about how far 
this will go on, what we can say is this. The practical outcome of some of 
the major achievements of scientific discovery during the past two centuries 
has been to mcrease the potential local self-sufficiency consistent with die 
satisfiiction of fundamental human needs. Opmions may well differ about 
what conclusions are to be drawn from this, and only two comments will be 
added. One is that it permits us to entertain the possibihly of a less centrah^, 
and therefore less bureaucratic and less congested, type of world organiza- 
tiem as a goal for rationally guided effort. Theother is this. The war-mongers 
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of Central Europe and elsewhere know too well that Free Trade is no longer 
part of the ideological temper of the age m which we hve, and that the 
appeal for national self-suflaaency canalizes discontent with the dreary 
futihties of planless mechanization m congested modem commumties It is 
therefore a tragic fact that those who have the will to peace too often resist 
propaganda for self-suflElciency with arguments which antedate the s3nithetic 
manufacture of mtrate fertihzers 

Of Itself the appeal for self-sufficiency is neither good nor bad In Fasasl 
States social pohcy is dominated by the death wish, and self-sufficiency is 
advocated as a means of war-makmg without regard for the social welfare of 
the auzen Where social pohcy becomes alert to the new powers and mven- 
tions available for human weU-bemg, the satisfaction of basic human needs 
will take precedence over the multiphcation of useless commodities to distraa 
neurotic urban populations, and the merits of more or less indusmal 
specialization will be examin ed with proper regard to the distnbuuon of 
population m congenial and healthy surroundmgs The doctnne of Free 
Trade was sustamed by the moral conviction that the greatest good of the 
greatest number is the same as the greatest number of goods available to 
the greatest number of people For privacy and seremty of life, the satisfacuons 
of parenthood and the graces of human fellowship m modest commumties 
Free Trade offered the compensations of the Department store and labour- 
savmg flats m flowerless streets 

Free Trade accepted the urban squalor of a coal economy as the pnce for 
Its own deflmtion of prosperity. Today scientific knowledge offers us the 
possibdity of a new plan of soaal hvmg more afcm to the Utopia of a William 
Moms or an Edward Carpenter Mobile power, aviation, and electrical com- 
mumcations make it possible to distnbute population at a high level of 
producuve capaaty without the disabihues of cultural isolauon The beehive 
commumty of Free Trade has robbed the citizen of a hvely mtcrest in his 
immediate soaal relations without promotmg the will to peace abroad 
Co-operauve oigamzanon m the age of hydro-electnc power, of hght metals, 
of artifiaal fer tiliz ers and apphed genetics offers us the use of new means of 
transport and new means of commumcation both to restore the serenity of 
small commumty life and to promote a hvely sympathy with folk who live 
m other lands Broadcastmg has now brought the cultural benefits of travel 
to the bedside, and saentific horticulture offers us a programme of bio- 
aesthetic planning which may prove more congenial to basic human needs 
than the spectacle of Woolworth’s buildmg 

The straphangmg mulutudes of our great ones need arcuses as vrell 
as bread. It is no longer Utopian to ask what sort of circus human nature 
demands. The Third Radi has given its answer. The answer is Jew- 
baiting, war, and neo-pagan weddi^. The revolt against the beehive oty 
of competmve mdusmah^ has already become a retreat mm barbansmi 
and the retreat will continue unless science can foster a hvely reoogm- 
tbn of the positive addevanents of dvilizatioa by reinstating fluth m a 
future of oonstructrve effbrt. This ffdtb is stiU confined m the stxait- 
jacket of the Chy State mentalrty. We xead of gigantio schemes of pub^ 
woflbs. PretentioiiB flbood-lit b al d ingB finr fniirswia^ dwarf the tmugto 
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:?b3er\ atones of the olave civilizations Along new macadamized roads 
machinery Wxli propel the chaiiot of a new Pompeian plutocracy^, escapmg to 
the cijlHless viUa on the Chiltern Jtulls We tniie with makeshifts to meet the 
grobbei gncvacces of a competitive economy while biological science offers us 
a miiutude of expedients for beautitymg* human existence 

F^om tins glimpse of a new prospect of neighbourly relations between 
nations let us letuni to otlicr aspects of the impact of science on society 
A second doctiine ^ /hich seemed to be supported by the advent of modem 
power production was the progressive degiadation of skilled work dunng a 
peued which witnessed a great reduction of highly skilled handicraft Even 
befo'*e the introduction of electricity as a source of power^ the conduct of a 
merhamzed and more highly urbanized soaety had imtiated changes which 
counteracted the cultural process of leveUmg down Umveisal schoolmg, a 
popular PresSa fiee hbraries, succeeded one another m coimtries with a 
democratic constitution With the coming of electricity as a source of power 
mdustry came under the impact of new problems of costmg and new techmeal 
advantages of mobihty WTiere it has been mtroduced mto the factory, it has 
created a demand for a new t 3 ^e of skill and special trammg, while dis- 
pensmg with a large volume of unskilled and casual labour wluch can be 
done by iraclunery To see the impact of the new techmeal forces most clearly 
we need to examme the statistics of a country which is m a more advanced 
state of techmeal development than Britain In his recent book Insurgent 
America^ Alfred Bmgham has made an analysis of the growth of soaal 
classes m the Umted States dunng recent years, and finds that the new type 
of skilled and admmistrative employee has steadily mcreased m proportion to 
labourers performing heavy unskilled work 

Thus modem technology has brought mto bemg a social group with 
social aspirations and a social status of its owm* Its social aspirations for 
further opportumty of employment can be realized only by the further 
extension of technical improvements which have encouraged its growth. 
For the Umc bemg, at least, it is still growmg and, at present, pohttcally 
marticulate. It may therefore play a decisive role m the success of any social 
movement which can claim its allegiance. In a peiiod of social cnsis its 
importance should not be judged by its numerical strength, because its 
personnel commands resources agamst which mere man power is helpless 
and barricades are literary illusions If it can be enhsted m a task which will 
offer It far greater opportumnes of creative service than it now enjoys, the 
transition from a discredited and demoralized competitive to a rationally 
planned mdustnal system is assured If it is dnven by fear of chaos to support 

* More often than not. Back to Nature is a confusion of terms What generally 
gams admirauon for the beauties of the English countryside is not nature as such 
Untouched nature is generally monotonous English parklands, hedgerows, and many 
of our woodlands are the result of human interference, sometimes by the deliberate 
action of enthusiastic pioneers of bxo-aesthetic planning, like John Evelyn, and some- 
times as rehes of past cultivauon Bio-aesthetic planning need not be confmed to 
horticulture. The Japanese keep fireflies as pets, and peacocks were once common 
mthe gardens of the nch We have it in our power to m^e our roadsides and gardens 
a symphony of song and colour by choosing our own co-habxtants in a biologically 
plaimra ecology of human satisfactions A co-operative commonwealth could efiace 
the skeleton grm of silk stockmg and soap advertisements along our boulevards by 
vegetation fiowenng throughout die seasons 
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any dictator movement which offers the prospect of breathing space, ii may 
become the mstmment for destroymg democracy, freedom of discourse, and 
the hope of peace 

In the economy of private enterprise the use of science is primarily directed 
to mcrease profits for shareholders even at the pnce of recurrent imemploy- 
ment, depressions, and national distress It is secondarily apphcd to the 
welfare of the worker, where avic organization undertakes the responsibihty 
of p lanning its use through such instruments as the Industrial Health Board 
of the Bntish Medical Research Council Inescapably on that accoxmt, the 
wage earner and his representatives have been hostile or suspiaous m iheir 
attitude to technical innovations, while disposed to s)nnpathize mdiscrimi- 
nately with proposals for extencimg the scope of pubhc enterprise So the 
social aspirations of the highly tramed worker and of the wage earner had 
httle m common while private enterprise could guarantee the contmued 
expansion of mdustry with new opportumties of advancement and piomo- 
uon for special skill and training. The prospects of the salaried worker m 
highly mdustriahzed countries such as Britam and Amenca become less 
reassunng as the domam of private monopoly extends In Bntam large-scale 
imemployment has produced a drift of the workmg population from depressed 
areas to locahties where no pre-existmg tradition of organization safeguards 
their own mterests. Their representatives are now compelled to examine 
proposals for creatmg new mdustnes with a progressive technical outlook 
For both reasons a new sympathy of outlook is uniting different sections of the 
productive population m a common endeavour to prevent the frustration of 
saence by so<^ parasitism. Mr Ritchie Calder refers to this growmg sense 
of the frustration of science m a recent address* 

Big mdustnal mterests, with whose profits new discoveries or mvenuons 
might mterfere, will see discoveries starve for want of money to develop 
them or will buy them up and "put them m the ice-box ” That was Sir Josiah 
Stamp^s phrase when he pomted out, at the Brmsh Associauon, that a big 
concern had to decide whether it was "economic” to mtroduce a new process 
before an existmg one was obsolete And there is some reason m that, but, as 
I commented at the tune, who is to be the arbiter? Is it to be the worker who* 
may be displaced when an mdustry discovers that a new process is "economic” 
because it employs less labour? Is it to be the public who might gam by a new 
discovery? Or is it to be those who were already makmg profits out of the old 
process so long as it had no compeutor? Who had the nght to decide when gas 
mantles should be mtroduced? Was it the gas companies who might have 
reason to suppose that the old rat-tail jets used more gas, or the pubhc who were 
to get the benefit of better light? Who should deade — shareholders with an 
mterest m buttons or citizens who may find a use for zip fasteners, the silent 
film producers or the audience that prefers talkies, the war makers who want 
caxbohc aad for explosives or the householders who could see a better use for 
synthetic plastics? 

A third dharacteristic of the first phase in modem power pmduction 
been mentioned* This was the incteaamg militancy of the employed classes 
m free of the social abuses which fiiOowed the spread of the fretory system* 
In mobilizing the wiU to a lationatly planned society today we may now 
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make a great mistake if vve lely on sentiments which have no rational support 
A new psychological feature has been mtroduced mto social relationships 
by tne mvention of electrical commumcations and by the One side 

of the picture is that we are no longer hvmg m an age when the peasants of 
Essex would march up to London to be hanged one week, and the peasants 
of Kent, enthusiastically ignorant, would march to Westmmster to share the 
same fate a fortmght latei In the age of the radio the penalties of one false 
step motivated by misguided enthusiasms are stupendous 

The other side of the picture is that men of good will and constructive 
aim have at their disposal fai more powerful weapons than the pen The 
majority of men and women are capable of responding to the common needs of 
theii fellows, and their common response when the Malnutrition film based on 
Sir John Orr’s work was shown m Bntam durmg the past year is a hopeful 
poitent One reason why the Protestant Reformation succeeded was that the 
Protestant refoimers exploited the prmtmg press, then the newest technique of 
commumcations This suggests one answer to the question, will the accumu- 
lated scientific knowledge of the last century be made available for the satis- 
faction of common human needs ? We may hazard this only if those who have 
the will to see it so uSed organize the use of the new mstruments of electrical 
commumcations In the age of the pamphleteers it was said that the pen is 
mightier than the sword This is not the age of pamphleteers It is the age 
of the engmeers The spark gap is imghtier than the pen Democracy wiU not 
be salvaged by men who can talk fluently, debate forcefully, and quote aptly 

Advancmg saentific knowledge has swept away many behefs which sus- 
uined popular aspirations m the formative stages of modem democracy 
The providential dispensation which endorsed the same plan of governance 
for Church and State, the m5rthology of the Beautiful Savage and meta- 
physical hbertariamsm with its hypertrophied insistence on the diversity of 
personal preference, do not belong to the century m which we are hvmg 
In their place modem science offers us a new social contract The soaal 
contract of scientific humanism is the recogmtion that the sufBiaent basis 
for rational co-operation between citizens is scientific mvestigation of the 
common needs of mankmd, a scientific mventory of resources available for 
satisfymg them, and a realistic survey of how modem soaal institutions con- 
tribute to or militate agamst the use of such resources for the satisfaction 
of fundamental human needs The new soaal contract demands a new 
orientation of educational values and new qualifications for avic responsi- 
bility In so far as our narrative has exhibited the place of advanang saentific 
knowledge m the progress of avilization and the impetus which saence 
has received from expanding opportuxuties for the satisfaction of common 
human needs. Science for the Citizen is a modest contribution to the new 
orientation. 

The fundamental issues which separate the standpomt of saentific 
humanism from the axioms of orthodox pohtics are summed up in two 
quotations taken from a recent issue of a newspaper report of a debate m the 
British House of Commons The official view was stated by the Minister of 
Labour who said that ‘^trading estates m the distressed areas had brought 
new hope to men and women whose outstanding need was the healing ptmer 
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of work ” Against this the Opposition urged that “it was the primary duty 
of the Government to create work ” 

Representatives of all the orthodox parties m Britam and in the Umted 
States are all agreed that it is “the primary duty of the Government to 
create work ” As a provisional expedient for immediate action this is 
plausible withm limits What matters is whether Governments are creatmg 
work which will bear frmt m a reduction of drudgery or the destruction of 
hfe, m creatmg common comforts or m erectmg pretentious monuments 
Scientific humamsm asserts that it is the primaiy duty of Government to 
create leisure and abundance The costing system of those who beheve that 
creating more work is the first concern of statesmanship is the bankei’s 
balance sheet The costmg system of scientific numamsm is the balance 
of in animat e power and human effort as set forth m Chaptei XII The 
professional apologists of the banker’s balance sheet are now the last survivors 
of the Aristotelian tradition Anstotehan soaology embodies the determmauon 
to perpetuate servile toil Anstotehan physics reflects the limitations which 
slave labour imposed on the further progress of scientific knowledge Saenufic 
humanism rejects the self-evident prmaples of Anstotehan sociology as it 
rejects the self-evident prmciples of Anstotehan physics* 

In Bri tain a reahstic study of how social mstitutions assist or impede 
the satisfaction of human needs umted to an mventory of scientific mstru- 
ments now available for satisfymg them will not come from our umversiiies, 
where the teachmg on current social problems is doimnaled by the dreary 
futilities of deductive economics Men and women who brmg the live 
curiosity and pamstakmg mdustry of the naturahst to bear on problems of 
contemporary soaety wiU not be products of an established social culture 
Lake the Webbs, they wiU be the symbol of a popular movement So was it, 
when new mdustnes created a new social demand for chenustry and electri- 
city ^ As then, the makers of the New Social Contract will be the foimders of 
a new soaal culture 
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ON POSITION FINDING 
BY MEANS OF 
SOB-CELESTIAL POINTS 


FOREWORD 

In these tunes many leaders will be more interested m the 
techmque of position finding m aii than at sea or on land The 
ensuing notes are for those who have grasped the piinaples of 
navigation and caitography set forth m Chaptcis II and IV, 
and would like to understand the underlsnng prmciples m- 
volvcd in their apphcation to the peculiar difficulties of navi- 
gating at a speed which precludes protracted computations 
or dclajed observation 

LAKCBLOT HOGBEN 


By means of the sphencal tnangle formulae on pp 190-198, we can 
get our latitude and longitude on land from simultaneous measurements 
(pp. 188-200) of the altitude and azimuth of a smgle celestial body at 
any moment referable to Greenwich time For vanous reasons, it is not 
practicable to determine the azimuth of a celestial body accurately in 
a ship or other vehicle As far as possible, the ship’s navigator therefore 
makes use of mendian altitudes (pp. 98 and 99) At mght the officer 
can use any star not concealed by clouds at the time when it crosses the 
mendian, but wc can rely on only one celestial body — ^the sun — durmg 
the daytime If douds conceal the sun at local noon, the usual method 
of observing the value of the sun’s maximum altitude and the Green- 
wich time at which it is at its highest point in the heavens ffiils us To 
get his latitude and longitude the manner has to fall back on Sumner’s 
method. The prinaple of Sumner’s method is as follows 
Any star of declination D is a zenith star (p 90) of any place at 
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latitude L = D On the latitude orde L there is therefore some spot, 
at any given moment, where a star of decimation D ~ L is at the 
zemth This spot whose latitude is L is called the substellar point of the 
star at this moment, and it hes on the meridian of longitude ixi ihe 



The sun’s R A circle is directly over the meridian of longitude Ji'on which the 
suhsolar point lies at latitude L = D (sun’s declination) P is the position of a 
ship on another meridian The hour angle H between P and S is the angular 
difference between the sun’s R A circle and the R A circle passmg thiough the 
zemth (Z) of P, and is therefore also the difference of longitude between P and S 
The Ime }oiiung S to the earth’s centre gives the direction of the sun’s rays, 
smee the sun is at the zemth above S, and the mchnauon of the sunbeams to 
the line through P, its zemth (Z) and the earth’s centre is the z d of the sun at 
P This IS therefore the angular measure of the arc of the great circle passing 
through F and S 

same plaue as the Starts R.A circle at that moment. What is true of a 
star IB also true of any cdestial body, e.g the sun. At any given moment 
there is a subsolar pomt where the sun is directly overhead Its latitude 
IS the sun’s dedmation and since the sun is on the meridian its local 
time is noon. If the chixnmineteir gives Greenwicli time m x hours 
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(after noon) its local time is x hours Dehmd, and its longitude is 15J1® 
west of, Greenwich (p 79) Let us suppose that Greenwich tune is 
10 o a m , and that oui nautical almanack gives the sun’s decimation as 
+ 18*^ The subsolar point is then (15 X 22)° = 330® West, 1 e 30® 
JEdSt of Gicenwich Hence the subsolai pomt at that moment is at 
Lat 18® N Long 30® E 

Since the line which joins the zemth to the observei also goes through 
the earth’s centre (p 57), the subsolar pomt has a simple geometrical 
relation to our position on the earth’s surface The sun’s rays he m the 
diiection of the hne joimng the subsolar pomt to the centre of the 
earth, and the angle between this hne and that which goes through the 
observer and the earth’s centre is the angle it makes with the observer’s 
plumblmc, 1 e die local zemth distance of the sun (Fig i) In other 
words, the sun’s z d = is the angular distance between the observer 
and the subsolar point One degree at the earth’s centre subtends an arc 
of approximately 69 land miles (p 85) along any great circle In what 
follows we shall take this value as coirect for illustrative purposes We 
can thcrefoie say that the obseiver’s position is 69 land miles by 
great circle saihng from the subsolar point Any pomt on a circle of 
radius 69 Zj miles with the subsolar pomt as centre fulfils this condi- 
tion From one observation of the sun’s z d all we can therefore tell is 
that we arc somewhere on a particular circle which we can trace out on 
the globe. 

Havmg traced out this circle 69 Z^ miles by great circle saihng from 
a point 18® N 30® B , we can take a second readmg when the sun’s 
/ d IS Zo® Let us suppose that the chronometer then gives Greenwich 
time as 4 p m and tables give the sun’s declination as 18 05® Our 
position IS somewhere on a circle whose radius is a great circle arc of 
Z2® with Its centre at the subsolar point, now 18 05 N 60 W If we trace 
this second arcle on the globe it must cut the fibrst one at two pomts, 
and if we have kept at the same position during rhetime between thetwo 
observations, our position must be somewhere on both of these circles 
Iherefore it must be at one of these two pomts (Fig 2) We could 
decide in favour of the correct one by a rough estimate of the stm’s 
azimuth at any one readmg which gives us an estimate of our 
lautude and longitude, but this is rarely necessary We know which to 
choose from what we know about the ship’s course by dead reckoning, 
since the last previous fibs on a previous day with propitious weather. 

In real hfe a ship does not stick to the same spot P between successive 
observations at tunes and 4 It moves from P^ where the sim’s z d is 
Z3 to Pg where the sun’s 2.d is Zg , but it is a simple matter to recon- 
struct what would have happened, if the ship had kept its station at 
either its xmtial or its final position All we need is a correction for its 
z.d. at 4 on the assumption that the ship was then at P^ On that 
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assumption its 2 d would have been the z d of all places on a great 
circle witli Its centre at the subsolar point and with somewhcic on 
Its circumfeience Now the arc of a great circle joining the subsoiar 
point to Fj, is the meridian bearing of the subsolar point with refeicnce 
to and this is also the sim’s azimuth at Pi when the time is r, If 
is y miles beyond Pi on the same arc^ (y — 69)° is the required cotiec- 
tiouj and jv is the number of miles through which the ship has to sail to 





Fig 2* — Position Finding from Two Subsolar Poinis 

Sj and Sa are successive subsolar points at tunes ti and rcspccrivcly 1 he 1 ad 11 
of the two position circles and Zs being respectively the sun’s z d at time r, 
and tg at the ship’s position The ship is somcwheie on both these circles and 
must therefore be cither at For p If we hive a rough idea from knowledge ot 
the ship’s course, we know that it cannot be at one of them (say p) and must 
therefore be at the other Anyway, a rough estimate of the sun’s azimuth at P 
settles the question 

get from Fx to P^ if its track comcides with the meridian beanng of the 
subsolar pomt at time If the ship*s course sticks to this great circle 
we can therefore put m the circle which connects all points where the 
sun’s 2 d, would have been the same as at Pg at time Since is on 
this orde and also on the position circle of radius Zg from the substeUar 
pomt at t2f our final position P2 is one of the pomts of intersection of 
the two ckdes* Now we know how far it is from Pi to P31 by dead 
reckoning, if we know the ship’s speed. If wc also know its direction 
by compass bearing, we know the mcHnation of its track to the bearing 
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of the subsolar point at at tune smd if it has moved m miles at an 
mclmation of y = m cos a 

We might use a star in exactly the saine vvav If 'sve know the R A of 
a star we know (p 93) how man> hours elapse between its transit and 
local noon at any given spot Thus v^e can hnd (pp 88 and 99) the 
latitude and longitude of the substeilar pomt of any star at a particular 
moment of Greenwich tmie^ as given by the chronometer On a ship 
there is httle to gam fix>m tracmg two position circles based on suc- 
cessive z d measurements of a smgle stai If there are not too many 
clouds to pievent two such observations^ there will not be too many 
clouds to prevent a smgle determmation of the transit of one of the 
many easily lecogmsable stars which soutn in the hours of darkness 
Stilij we can — ^if need arises — adapt the principle of Sumner’s method 
to take advantage of a short period of cloudlessness in a mght otherwise 
overcast 

This adaptation is the basis of position finding on a mght flighty 
when no beam control is available A ship does not move very far 
during the intervals between occasions when some recogmsable star is 
m transit 5 but an aeroplane can do so Consequently^ it is advantageous 
for the air pilot to have a means of location which does not mvolve 
waitmg for the transit of some star which he can recogmse for reference 
m tables of decimation and R A If w^e take simultaneous observations 
of the 7 d of two stars we can trace a position circle around the sub- 
stcllar point of cach^ and we can choose the two stars to give circles 
whose points of intersection are a thousand or more miles apart We 
have therefore no doubt about which of the two pomts of mtersection 
of the two position circles is the one which specifies the observer’s 
position 

To trace out a position circle of a.® radius from a subsolar or sub- 
stellar pomt on the giobe^ it is merely necessary to lay off a circle with 
the same radius as a parallel of latitude (90 — xf We can do this 
roughly by means of a pm, a thread and a pened, or with compass 
constructed to draw circles on a spherical surface, but to get our 
pK>sition correct withm a mile, we should need a very large globe, much 
too large for a ship and afortwn much too large for a plane To deter- 
mme the appropriate pomt of mtersection of two position circles m real 
hfe, the sea or sky pilot has to work with a chart In the neighbourhood 
of the dead reckonmg position on a large scale chart, the arc of an 
actual position circle about a given sub-celesual pomt does not appre- 
ciably differ from its own tangent, 1 e from a straight hne. All position 
circles about a given point on the globe are concentric, and if the 
angular radius of the position circle is large, i,e if the z d of the star 
IS over 15°, all correspondmg arcs on a large scale chart appear to be 
parallel straight lines. 
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Since the radius of the position circle around the sub-celesnal point is 
also the z d of the celestial body at the same moment^ a diference of 
between the radu of two position circles corresponds to a z d diffeience 
of 1° between places situated on one or the other This means that 
places on parallel position lines drawn 69 land miles apait on our chait 
are places where the z d diffeience is Conversely^ if the difference 
between the z d of a star m two places on our chart is the two places 
he on two parallel hues 69 x miles apart If we know the beanng of one 
of themj we can therefore draw the other with the hajne beaiing at the 
appropriate distance from it To draw our actual position line with as 
httle delay as possible^ we therefore need a reference hne joimng places 
of the same known z d at the moment when we determine the actual 
2 d of the star Thus our problem is how to put on the chart such a 
reference hne— or rather two such reference hnes, one for each of the 
two stars we use to get the pomt of mtersection of two actual position 
hnes 

On the surface of the globe an arc joinmg a reference point of kno’wn 
z d to the substellar pomt cuts the mendian on which the refeience 
pomt Itself hes at an angle which is the azimuth, or meridian beanng, 
of the sub-stellar point with reference to the observer’s position On 
our large scale chart the arc is a straight hne which cuts the meridian 
on which the reference point hes at the same angle This line represents 
the radius of the position circle through the reference pomt 'Ihc posi- 
tion line bemg tangent to the position circle at this point, is at nght 
angles to it We can therefore draw our reference ime if we have two 
data (i) the location of any pomt of known / d at the moment when 
we make our observation of the actual z d of the appropriate star, 
(2) the mendian bearing or azimuth of the substellar pomt at the same 
place 

Suppose we chose any pomt of specified latitude and longitude near 
our dead reefconmg position at a given moment when we propose to 
find the actual 2 d of a star Such a pomt is one apex of a sphcncal 
mangle (Fig 3) of which two sides are its co-latitudc and the co- 
declmation of the star chosen The included polar angle is the hour 
angle or difference of longitude between the substellar point and the 
reference pomt We can therefore solve for the remammg side and 
remaining angles by use of the spherical triangle solution forumlac on 
pp 191 and 192, or by recourse to tables based on them. Now the third 
side which joins the reference pomt to the substellar pomt (Fig. r) is 
the 2 d of the star at the reference point at the moment specified, and 
the angle between this side and the side which joins the reference pomt 
to the pole along the mendian of the latter is the azimuth, 1 e meridian 
bearing, of the substellar point, and of the star itself at the reference 
point For any point of assumed latitude and longitude our dead 
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reckoning posinon at any asstnned time we can therefore specify the 
z d of a star and its mexidian beaixng 1 o do so^ we merely reverse the 
piocedurc for getting latitude and longitude from direct observation of 
the azimuth of a star^ its z d and standaid time 

Foi instance^ \\c may reckon ihai. we aic going to be somewhere near 
N loj^E at S p m chrononietei time^ lcji imnutes later, when 
tve propose to up our position accuiatcly hy making simultaneous 

sextant measurciiicnts of the z d of Aldebaian and z d of Altair To do 



FlO. SPillHlCAl. TKlANOer Ol RlllRlKCl POINI (R) OF KNOWN LATITUDE 

AND LOKGXiUDL 

A azimuth of subsolar point (S) with reference to R 
H hour angle of S with rctcrence to R ( - diflcience of longitude between 
R and S) 

this wc can lay off position lines for the substellar pomts of these two 
stars at 8 45 p,m chronometer time passing through a point 54® N and 
3CO® E To get these Imes we merely need the mendian bearmg of their 
substellar pomts at 54"" N and 10® E* and 8 45 p m chronometer time 
Having got the two angles from the solution of the correspondmg 
triangles we put the bearings on the chart and draw the position Imes 
at nght angles to them. Our solution also gives us the z d of the two 
stars on the position Ime at the moment of observation and our obser- 
vations (at 8*45 p.m ) show us by how much (jc^ and the z d of each 
star at otqp actual position, differs from the z.d. of the correspondmg 

auvi**' 
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stars at oiir reference pomt or “assumed position ” All that remams is 
to lay off Imes parallel to our two reference lines 69 and 69 miles 
apart from them^ and to read off the latitude and longitude of the point 
at which they mtersect This is oui real posiuon 

To plot our actual position Ime correctly we have to take a moic 
accurate value than 69 miles for the length of a ciiculai arc which 
subtends i® at the earth’s centre Needless to say, our chrono- 
meter reading gives us Greenwich mean time, and we have to use 
Greenwich local time to get the hour angle of the celestial body at our 
assumed position at the appropriate moment We do this as c's.plained 
on p 63 by reference to tables of the “equation of time ” To lake 
advantage of tabulated solutions of spherical mangles, when making 
necessary computations for laying off reference Imes we have to choose 
the latitude of our assumed position as a whole nimiber of dcc^recs and 
a longitude so as to make mtegral the hour angle of the subsiellar point 
w r t the reference pomt 

To simplify the preceding explanation, we have consideicd our iwo 
observations on the 2 d of the two stars as simultaneous In practice, 
accuracy demands the mean of several values of each 'Ihe intcival 
between completmg the two sets is of no sigmficance, if the vehicle is a 
ship, and two officers can co-operate on a large ship lo make truly 
simultaneous observations, if the need for such arises For air transpoit, 
the mterval is sufficient to permit a displacement of say 15 miles So the 
air pilot’s problem at mght is on all fours with the manner’s problem 
by day To get the required pomt of mtersecuon he docs not use his 
actual position Ime at He shifts the first position line in the diiccuon 
of the plane’s flight The amount depends on the mclmaiion a of the 
plane’s course to the meridian beanng of the bubsicUar pomt of the 
first star If s is the ground speed, the distance traversed 111 the plane’s 
track during the mterval is s = in miles, and the required 

shift IS m cos a^ 



ANSWERS TO EXAMPLES 

(Edited by Mr Ricii/ipd P\lmer) 


C prCii 

2 jSTovembei Itu 

3 141^3 

4 July Sid 

31 (^) 73*^^ N (o) on eouator 

12 (c^) !(»:’ N (6) 1) IN C6) 73'^^ N 

i;; (ti) 73^*^^ s ri?)7 5»°s 

it> (iz) Oci (/?) Oct Tth, Nov 28th 

(c) Taa Od’a Maich ?7th^ July 17th, Au«j 4th 
17 1 30 p m 3 1 IS p a 5 v'»nd i 22 p m 

ClIAPlER II 

] Dcclmalion 0, 23' N, O', 2;r’S A 0 hour, h hours, 12 hours, 
IS lu»urs 

3 I at r> 0 'N,LoiP 5 5‘’W appro\ 

1 2 houis 28 inins , S 12 p ni , IS* ' W 
a 40 N 

0 48' la' W, 07' 2I'N 
7 8 cpf 2 ‘U (1 

5 "1 hin, wamiiQ t test t nt, s a m , 11 Sum 
JO 7,000 miles approx 

11 N Devon 

12 About Sept. 2 Oh 

13 Yoilsshirc 

ClIAPIFR III 

1 Just within principal focus, 25 ^ from mixror 

2 To 12" from lens 

3 Both distances 10" 

4 Book from lens 10", plate from lens 10" 

5 0" 

0 !5‘^53' 

7 14 ft., 0 ft 
« ia) 3 (6) 5 

9 la) (5 000" ib) i OOH" (j) 5 2(>4" (J) 5 919" 

10 83“ 30' 

11 44^ 59' approx 

12 Converging, 100 cm. 

13 Diverging 100 1 cm 

14, Divergmg 250 cm 

15. 4 2, - 3i, - 5 

17 43i^ 

18 1 59 

19 40 5' 

20 2 4" 

21 49 . 
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22 60 6 cm from the 16 c p lamp towards, and 32 b cm from the 10 c p 

lamp away from the other lamp 

23 2 41 to 1 

24 1 X 101’ candles 


Chapter IV 

1 3,460, 1,650, and 180 land miles 

3 65 7^ 7 33 p m 

4 Rismg 6 40 am,7am,7 28 am Setting 6 20 p m , 6 p m , 4 12 p m 
6 London 7 32 a m , 4 66 p m , 66*^ from S , New York 77am,6 2lpm, 

70^ from S , Cape Town 5 33 a m , 6 6 j p m , 72" liom S 
6 Before Vega sets 6 30 p m , rises 7 35 p m , 0" from N , Sun uses o 23 i m , 
sets 6 66 p m , 86° from S After Vega sets 5 35 p m , uses 0 10 p m , 
6° from N Sun rises 5 52 a m , sets 6 10pm, 80 ' fium N 

8 78°, 63° 

9 0 375 to 1 

10 225 days, 687 days, 0 475 to 1 

Chapter V 


1 7 mp h 

2 20 yds 

3 3 83 mph, 3011° W of N 

4 18° W ofS 
6 1 104 miles 

6 36 04 cm 

7 6fc,2Jfc,lift,tft 

8 77 48 gm 

9 512 poundals 140 143 X 10® dynes 

10 6 cwt , 10 cwt 

11 37ilb 

12 210 lb„ 7 of distance along pole from the stronger 

13 8 68 lb , 25 lb , 36 36 lb , 43 3 lb , 50 lb 

14 90° 

15 6 656, 10 94, 16, 20 67, 24 51, 27 71, 30 07, 31 62, 32 

16 8 ft , 16 ft /sec , ” ft , ^ ' ft /sec , , ft , ft /sec 

17 (a) 0 466 sec (b) 103 62 ft. (c) 4 714 ft /sec (d) H 368 ft /sec 

18 30° 

19 975 cm pei sec 13,826 dynes, 4 424 x 10® dynes 

20 1281b 

21 (<*) 4 6 tons, (b) 5 04 tons 

22 i ton, 4 lb 

23, 68| ft /sec 

24. 2,200 ft, 0 44 ft /sec 2 
26. 266 ft , 4 sec 

27 3 secs., 30 yds 

28 43 8 ft./sec., 1 • 37 secs 
29. 6ft 3m, 7ft 10m 

30 30 m ph , 0 183 ft /sec 2 

31. 3,500 ft 

32. 34»° 

33. 39° 12' or 50° 48' 

34 After 1 or 5 secs , 16 Vl33 ft or SOVlfoO ft. 
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Answers to Examples 

35 (a) 14 31 ft /sec “ (6) 0 11 12 It /face ^ 

36 19" 3', 06“ 33' 

37 21 m 

39 21 in, 5 it 

40 32 16 ft /see ^ 

42 40 3 m 

43 Loses SC scct 
4-10 4 pci ccaC 
15 8 3 1b 

40 1 J';2 cm O 0215 cm 

17 2 43 ms pci lb 

18 1 ' secs 

It) 32 211 ft /sec 32 20-i It /sec % 32 170 tt /sec - 
r>U 0 9S1 lb , 10 OOJ lb 
51 32 Ilb6ft/scc' 

51 2,4 11 Tift, 5 secs 
55 4888 3 ft , 0 Olo It /sec - 
50 Radu 2,171), 2,2.57, 2,190, 2,571, 2,021, 3,001, 3,104, 3,985 miles 
Speed 570, 580, <»52, 073, 087, 802, 907, 1,043 miles per hour 
07. r^j) 32 227,32 22.5,32 217,32 214,32 212,32 194,32 170,32 149 ft /sec ^ 
(5) 30 183, 39 ISl, 39 17J, 39 107, 39 10.7, 39 144, 39 122, 39 089 m 
.58 C^) J7i (^) 81 (6)211 (d) 11 seconds 

59 178 sec slow (The oblateness of tlac earth also causes a vaiiation of 
in tlxe same direction and about half as big as the vaiiation due to latitude 
1 he answers to the last tlirce examples neglect this To get answers 
nearer tlie trutli, muluply tlie lautude variations of pendulum, and 
clock by J 52 ) 

00 45 0 feet West 

0 1 35^^ to ius path 

02 10 m p h 

(>3 11 1 1 m p h S E 


C'lIAIllR VI 


1 2 5 it 

2 18,300 and 30 7 

3 132 8 cm 

4 4,495 feet, 3 75 ft /set 

5 0 85 mile 
0 2,240 ft 

7. 34 54 secs. 

8 542 0, 403 5 

9. 50 m p h 

10. 651, 556 

11. 698 3 yards 

13 306 0 

14 60 6 feet. 

16. 2. 

16. 260 

17 617 

18 6, 4 

19 1,037. 

20 68 2 m p h 
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21 20 I 36 OO miles per sec 

22 327^458 radians per sec 

23 8 33 revs per sec 

24 4 63 revs per sec 


Chapter VII 


1 < 0 69, 0 87, 0 97, 1 1, 1 26, 1 37 

2 (a) —23 38, 9 62, —6 06, —9 13, —128, —216 2 ft /sec “ 
(5) 25 93, 29 65, 27 83, 27 49, 14 46, 4 78 ft /sec 2 

(c) 27 90, 30 34, 29 18, 28 95, 20 15, 13 GO ft /sec 

(d) 29 17, 30 86, 30 06, 29 90, 23 82, 19 U It /sec 

3 102 5 kg per sq cm 

4 nice 
6 60® 

6 1 to 3 

7 15 8 tons 

8 26 tons 

9 26 88 ft /sec \ 27 94 ft /sec \ 28 78 ft /sec - 

10 3 6 tons, 0 09 mch 

11 1,210 cm 

12 9 97 lb per sq m 

13 1,800 feet 

14 104 

16 53,370 dynes per sq cm 

16 160 6 c c , 67 24 cm 

17 11 to 1 

18 28 6 cm 

19 30 7 mches 

20 74 1 cm 

21 2 7 feet 

22 1 68 litres 


23 P — 1 64 cm , 6 


24 

26 

26 

27 

28 

29 

30 

31 


32 , 


13 92, 12 42, and 9 

5 2 cm 

8 76 cn;!i 

(jo) 0 00499 mch 

C^) 1 


100 

cm where P is the barometric pressure 
21 ft /sec ® 


(c) O 472 mch. 


(5) 0 0497 inch 
(5) 1 014 X 10» 

0 000089 gm /c c , O 001 *3 gm /c c , 0 00125 gm/cc. 10, 1 1. 
1,324 6 c c , 618 7 c c , 342 7 c c 

In hydrogen 31 99979, 31 99712, 31 9968, 31 0886 ft /s.tc = 


31 99767, 31 9682, 31 9627, 31 833 ft /set, “ 
31 8848, 31 8366, 31 639 ft /$ec ® 

(a) 1*00003023 sec ( 6 ) 1 00002092 sec 


In air 


On SOj 31*99153, 
(t) 1 0008371 see. 


1 . 12 6 cm 
2 16 cm , 196 cm 
3. 177 2c,c. 

4 806 rnm 
6. 70 8°C. 

6 . 1 to X 002 . 


Chapter VIII 
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7 2,422 inches 

8 11 04 5m 

9 108 cc 

10 22 02 gm 

11 Densmeb m gm pCA Lure 1 129;> O 7700^ 1 5^51^ 3 22, 0*0899 Relative 

densities 10, 8 5, 1 1, 15 5, 1 

12 2 vois to I vol 5 1 gm to 7 & ts 

13 1 vol jiii o 

14 1 to 1 

15 1 to 2 07 

10 0 0021 gm 

17 il 

CliAVTiJR IX 

1 (^) G50 c c (b) 000 c c 

2 700 cc 

3 100 c c , mU c c , 677 5 c c , 1,300 c c 
5 7 6 cm 

0 (d/) 0 0820, > (^r) ^ HlHij c 10’’ Cc) 0,236 

7 HCN, CCX 

8 COoj 27 27 pti tCiir C, 72 73 per cent O3 N^O, 63 63 per cent 36 37 

per cent O 
U HyS, NIIj 

JO 950 c c , 10 74 per veni O, 83 26 per tent N 

JJ At ho c: NO^, on cooling N„04 is formed At 28*=* C NOg 

- 70 30 
12 See Index 

I3p 3 vols O2 form 2 vols 2 per cent ozone 

14 15 gm 

15 H I, Cl 35 (\2 (mean), O 7 93, S 15 95, Ag 108 6 (mean), 

ilg* 90 42 (mean), Cu 31 93 (mean), Fc 27 79, Mg. 12*04 

16 eSg 

17, 7 838 gm„ 5,761 cc 
IS 0 59 

19 HgCO 

20 H 134 cm , O 67 cm 
21. 15 38 litres 

22 2 88 atmos 

23 50 9 mm 

24 62 06 

25 5 66 atmos 
26, 66 6 per cent 

27 (a^ 74 4 gm, (6) 47 8 gm. (c) 40*9 gm 

28 202 2 cm 

29. Steam* 0 0467 atmos, hydrogen. 0 9643 atmos 

30 0 174 mol acid, 3*664 mol alcohol, 0 826 mol ester. 

31 3X10*"' 


Chaptbr XI 

1. (a) 36 89® C. (6) 309 89® Abs. (c) 29*61®R. 

2. 24r F , 221® F., - 61® C., 1014® C. 
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3 80® C , 96° C 
4k 0 2424 cm , 0 2835 cm , O 0106 cm 
6 177 4c c 

6 (a) 0 62 (Jb^ O 88 

7 79 66 cm 

8 O 076 cm 

9 22 1 cm 

10 174° C 

11 0 46 mch 

12 20 miles 68 4 feet 

13 5 66 secs lost 

14 0 137 cm and 0 341 crn 


Chapter XII 


1 0 094 

2 0 497 

3 3 12 gm 

4 0 489 
6 31° C 

6 633 3 cals 

7 12 gm 

8 0 068 
9 0 112 

10 246 9°C 

11 0 11 

12 28 8°C 

13 7,962 6 gm 

14 80 4 cals 
16 630 

16 0 496 

17 2 2°C 

18 Substance (d) 

19 0 447 cals per sq cm per sec 

20 612 cals 

21 1 357 X 10’ ergs, 4 24 x 10® ergs, 1 0476 x 10'® ergs, 

22 11,027 cals 

23 {a) 2,990,088 ergs, 7 06 foot poundals, 

(5) 11,360,000 ergs, 26 916 foot pK>undaIs* 

24 1 06° C 

26 (a) 3,469,048 cals (5) 1 384 x 10* B Th U 

26 (a) 0 306 therms (5) 964f gm (c) 68 cub, it, (^dj 2 12 pence* 

27 58,430 ft lb 

28, 16 8 h p 

29, 410| h p 

so 1,056 cub, ft 
31 228° C. 

82 (fiO 6-001 ft , (5) O 0367 B Th,XJ, 

33 Bntish umts 168, 92 12 x 10^ ft lb., 37 002 B,Th U 

International umts, 7*086 x 10^, 3 8866 X 10*^' ergs, 9260 7 cals. 

34 3,714 X 10* ergs 
36 2 66 cub, ft, 

36 C<0 cm- 
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ClrlAPTER XIV 

1 J amp 

2 \ amp 3 3 volts 

3 1 ohm 

4 (a) 0 142 j 3 mp C^) 0 1 amp 

5 (a) O 1 amp {U) 0 304 amp 

0 1 / ohms 0 3^5 
7 Curient is halved 
S I * volts 

0 8 3 dims ^ 7 <.>hnis 
10 18 

1 1 127 2 *neties 

12 (a) 1 81 olims (^) 1 321 ohms 

13 0 001304 amp 

14 0 00S6S amp 3 O 0S6 v^oJt. 

15 14 

10 (a) 0 052 amp ( 6 ) 1 017 gm (^c) 1 9048 volts 

3 7 (a") 0 55 amp (b) O 44 amp 

1 8 (a) O 283 amp (£») 7 ohms. 

19. 0*000001028 

20 I amp 3 4 volts 

21 A tcnlli 

22 I 5 volts 

23 13130 ohms 
21 58 

25. (a) 0 410 amp , 0 0S32 amp (p) 0 1113 amp m each 

20 0 051 amp 3 0 <>065 amp 

27 0 0114 amp 3 0 029 amp 

28 40 4 ohms 

29 12 3 ohms 

30 1 5 anips3 4 per cent error. 

31 0 06 per cent error. 

32 ’ ohm. 

33 (a) 7 695. (b) 30 5 ohms 

31 3 417 ohms, 3 783 ohms 

35 0 202 ohm, current mcreased jn ratio of 40 20 2, 19 8 ohms 
30 1 51 oiunsy 2 20 ohms 

37 0 00 V 10-“® amp per scale division 

38 29 mm 49 sec 

39 2 68 

40. 91 48 ohms* 

41. (43) 4,996 ohms. (6) 9,996 ohms 

42. (a) 1 344 pence (6) 0 48 pence (c) 0 36 pence 

43. 72 19^ C. 

44. 16 4T* C 
46. 3 mins 42 secs 

46 0 174 amp 3 0 27 pence 

47 1,662} ohms 

48. (a) 1 amp* (b) 4 volts (c) 4 watts 

49. 0 26 pence. 

50 (a) 862-2 ohms (6) 62 87 watts (c) 0 827 c p per watt 

(d) 0 377 pence 
51. 4* C. above siirroundmgSf 
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62 (a) 107 5 ohms ( 6 ) 668 6 watts (c) 0 55S0 pence 

63 0 000284 

54 103 4 calories per mmute 

66 (a) 613 1 ohms ( 6 ) 103 9 watts ic) 1 0‘^>4 c p per u itt 

0 623 pence 

66 1 46 watts 0 001967 h p 

67 (< 3 ) 26 ohms ( 6 ) 1,810 watts (c) 176 wttts 

(<i) as heat m resistance 

68 1,600 to 1 
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001 

ahei 1 'itiuii of ii^-' t o _ i L 
““ ibnorjcral ^ibckirTca” I u lil MH>0 
Aoisl^ 00 > ^ 
accc'Cta^ioa 2 j 2 n 2o2 
C.CCL ( 1 iUon int' cnm 'c of ^ iwO i 

'cct Ci ^t*o AD, t I V Oi. '52 i 
JLclUdt.bj^C > ^5, 51^5 Oi OlS f , 52i 
acLCJia!(Jc Ol , 0^2 

a^ci J Tijliuv^ 3ji 

r ^Lt it<.^ 50 * I 

<-v-,r c "cic 5(/2 f 3 lO j f , 2! '3 jiJ I3 5 If), 
r> I '•j 5 ' i 

accfL uil; jb'jj 5 'J 
aceto-JL ticC'jLt.-. 51 ; 

av-cliMiw »' 510 IT ^ 

4CUyl lUI ride 51^, > * j 
ice(>kn» 

Aeh aci, 1' C-. J >0, lo 
lel ! 010 ilic ic ii 1 / ' 3 » J 
aod tinlivdrc^e oiio 
acid chloiid* )i 0 
a< id^i 1 {0 

icqui»cd ch 11 r fc^-^j” mla nmtec ol 
S51f 3 lOol 

ai time liftlif J7frf,7oO 

auiim It a distiucc UOO, oiO, 072 1 

idditioo compounds titM 1, 

adhesion 200 £ 

uloimoii 1U71 

adien d p\ ind s2*), S 11 , 1012 
adrcnilinc lort 
Aduim I I> lu‘ls 

acohpdc l-iO, 550 
alkient nerves 102211 
agglunnins 1007 f 
agonal lines 023 

Agncola, O 307, 4011 , 550 1 , rm, 801 
agriculture SOO f , 8 1 0 f * 8<n, 800 1 , 
904 f, 922 f 

Agriculture, Board of 7s0 f , SOO £ , 0 is 
agiicuJturc, piimitiVL 07 ? 
air, weight of 302 t , 178 f , 122 
air prcssuie 178 f 
an pump 37o, 389 
air resistance 375 f 
alabaster 400 
albinism 105 i if, 
albumen 818 
alchemy 420 f. 
alcohol, power 542 
alcohols 500 ff , 510 f 3 616, 619, 528 f£ 
alcohols, aromatic 610 f 
alcohols, radicles of 630 
alcohols, synthesis of 630 
aldehydes 613, 615, 6l9ff , 529 
Alexandria 66, 77 f, 81 ff, 106f, 111, 
116, 120 f, 134, 163, 200 ff*, 229 f*, 
243, 316, 361, 366, 368, 777, 793, 
928, 1020 

Algae 837, 839,941 
Alger, J. G 433, 543 


^iciz.(..n * 12 
cilimcrciu / ca .111 910 

c'W 111 ««>7,5V; 

allvon jndasLiy HI, 125, 134^ 137 f 
^ll.-keo JO 
a 'h dine air 128 
’I aptonuria 100^ 

''2^3^! cycji_dcs SOS, 522, 520 
'ilkvi balidcs 511^ 522, 529 

nmeie 50/ 
c'liantOi*! 0 8 fi 
ailo ian 517, j^3 
Aan^gct.! 110 
Ojuoanics lOSj i21 
aitcrrkiting cutient 710 ff, 724 if 
litem mno cunent, field round, 750 f 
ilLcmition of generations 837 f, 941, 

on 

aiatudc IS, 185 
iluuiimum 111, 108 ff, ISO 
'unocr 6 jO, 0 3<> 
i'\mblystona 1059 
amcnrii 1058 

Amerigo Vespucci 81, 180, 228 f, 30G 

Amherst, ^Mieia 780 ff , 812 f , 1075 

Amici, Ct B 8J2 

amides 523, 520 

ammes 52 if, 529 

armno iccfic acid 518 

anunoacids 522, 905 

ammobenzene see aniline 

ammophenol 535 

ammeter 706, 709, 712 

ammonia 428, 439, 453, 485 

ammoma, composition of 647 

ammomum acetate 512, 518 

ammonium cyanate 199 ff 

.unmomum radicle 601 

ammon 84S f 

amoeba 863 f 

Amptre, A M 060, 739 

ampere (umtj 050, 677 f , 734 

Amplnbia 9 {0, 944, <157 f 

amplifier 708 

amyl acetate 513 

amyl alcohol 611, 61 1, 621 

amylase 911 

anaemia 801 

anaesthetics 623, 874 ff 

analogy 336, 660, 674 

analysis, gravimetric 443 

analysis, plant 896 f* 

analysis, volumetric 443 f , 463 f 

anatomy 792 ff 

Anaxagoras 115 

Andalusian fowl 976 f 

Andrade, E N da C 770 

Angiospenns 927, 940 f , 944 f*, 960 

An^trom unit 340 

angular diameter 137 f 

anSme 531ff, 635, 639 

^nimA 59$ 
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animal breeding 971 1001 ff 
ammals, classification of 931 ff 
anindia 1065 
Annelida 933 f , 937 
annual rmgs 830 
anode 677 

anther 827 f 
anthendia 836 
Anthiaume, TAbbe 352 
anthracene 407^, 638 
anthrax 878 ff 

anthropomorphism 1018, 1021 f , 1039, 
1044 f , 1048 
anti-cyclones 381, 672 
antimony 441 
antiseptics 497, 877 f , 883 
anti-toxms 884 
anus 797, 910 
aperients 128, 359 f 
ApoUomus 202 
appendix 797 
Appert 867 f 
aqueducts 368 
Arab chemistry 361 
Arabs 106, 121, 132 f, 134, 202, 3S2, 
631, 775, 777 f, 793, 928 
Arachnida 937, 969 f 
archaeology 1080 f 
Archaeopteryx 967 f 
ardbiegoma 837 

Archimedes 134, 243 f , 316, 368 
Archimedes, pnnciplc of 371 ff 
argon 488 

Anes, first point of 60, 91 f , 219 
Aristarchus 114 f, 117, 179, 202, 215 
Aristotle 77, 261 f, 238, 251, 261, 3J16, 
362, 367 f, 374, 378, 391 f, 402 f, 
419f, 618, 816ff, 821fr, 827f, 
855, 928, 1021, 1052, 1077, 1090 
Arkwn^t’s water frame 586 
armature 717 
Armmius, J 1049 
aromatic compounds 608 f 
aromatic compounds, synthesis of 63 1 ff 
arsemc 441 

arteries, pulmonary 798 f 
Arthropoda 937, 943, 969 f 
artichokes 541, 909 
artillery 235, 237, 261 f , 307 
ascent of sap 826 
ascorbic acid 915 f 
asepsis 877 f , 882 
aspirm 532 
Aisyna 783, 824 
astatic couple 705 f, 

Asteroidea 932 
astigmatism 160 
astrolabe 48, 61, 186 
astronomical dodk 235 
astronomical tables 108, 122 
asylums 1056 f 
atmosphere (unit) 381 
atmosphere of caarth 897 
atomic models 489 
atomic number 490 
atomic weights 467 487 ft, 


atomic weights, table of 4 19 
atomism 192 f , 420, 110 
atoms 456 ff 
attention 1011 
attraction sphere 831 f 
auditory nerve 1011, i03S 
auricles 798 f 
Aves 910 

Avogadro’s hypothesis Jo5I, li>l, J71, 
477 ff 

axolotl 85 1, 10(>0 
azimuth 18ff,lb6 
azo compounds 5 12, 5 }9 1 

Babbage, C , 61(», 623, 713, 9^) 

Babcock, I? B 1075 
Babylon 50, 5 1, 6 4 f , 129, 8 J 1 
bacilh 878 f 
Bacillus anthracts 879 
Bacillus hotulinu% 879 
Bacillus colt 879 
Bactllus diphthcnae 879 
Bacillus pestis 879 
Bacillus ? adtcicola 879 
Bacillus tctani 879 

Bacon, Francis 168, 216 f, 232, 236, 
547, 552 f , 80S, 892 
Bacon, Roger 108, 1 32 
bacteria 512, 816, 863, 8(»7, S7S IT 
bacteria, culture of 879 f 
Bailey, C 513 
Baird, J L 767 
Bakewell, R 8 1 5, 106 4 
bakmg powder 461 
balancmg 1032 ff 
Balantidium 864 
BaU,R S 361 
Balle, R B25 
balloon 419 f , 436 
Banks, Sir J 928 
barbituiic acid 5 1 7 f , 5 > J 
barium 462, 47 4, 485 
barnacle goose 8 i 9 ff 
barnacles 828, 937 

barometer 379 ff, 300, 396, » » .s, 
560 

bases 439 

Bassa, Laura H66 

bast 830, 894, 908 

Bateson, W 970, 984 f 

bats 866, 942 

Bayli88> L H 1075 

Bayhss, Sir W M* 1043 

Bayne-Jones, S 1076 

beans, heredity m 1003 

Beddoes, T 410 

bees-WBX 513 

behaviour 1010 flf 

behaviour, heredity and 1052 f 

Beneden, B van 1052 

Bensaud^ J, 81, 352 

Bc ntfa gi ^ G, and Hooker, Sir J D 

be&za]^bhyde 532 

benzene 496, 508 517, 531 jBf* 

benzenering 509, 531 534, 537 f 
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benzoic acids 031 f , 5J t ff 
benzoline 607 

benzyl alcohol 510, 531 ff , 530 
benzylamine 033, 510 
benzyl chloride 532 ff , 035 f 
benzyl cyanide 63C 
Btrgius process 5^1 
bcri-beii OJ b 
Berkeley, G , Bp 20b 
Bernard, C 909 

Berthollet, C I 129, Dot, <139, bj7, 
898, lOsO 

beryllii^ 4 11,450 
Bessemer, Sir H 17 1 
bicai boiiates W 1 1 
Bidwell, 4> W l</70 
Biedermanna W G A 1019 
bile duct 797 
bilhorzi ISIS 932 


Billingsley, J 918 
Bmghom, A 1087 
biological coniiol 907 f 
Bion 48 

birds 910, 912 f , 957 f 
birtlis and deatlis, legistration ot 792 
Blacl , J*)seph 1 13 11 , J 19, 4 >2, f 50, 4 S I, 
5h0, 582 fl , tiSvS, 500, 591, 09b, 098, 
019, S95, 047 
Blackb iriow, P 03 1 


black mutant 997 

bladder S29, 811, 8 IS 

BLinchird, J P 120 

blastfurnace 301 

bleaching 430 f 

Blcdisloe, I ord 900 

Bhgh, h W 782, 781, 107b 

Bhth, W 814 

Bloch, Marc 560 

blood, circulation of 41 1 f , 79b f 

blood, colour of 413 

blood corpuscles 828 f , 83 1 

blood groups 1067 ff 

blood pressure 000 f , 804 f 

blood transfusion 1067 f 

Board of Trade umt 700 

boilmg point 502, 500 f , 578 

Bois-Reymond, R du 1031 

boll weevil 968 

Bond, H 034 

boron 441, 4S6 

botulism 879, 886 

Bouguer, P. 301 f 

Boulton, M 420, 429 ff , 430, 438, 448, 
503, 683 f, 587 f, 697, 009, 1084 
Boussm^ult, J B 888, 900 f , 904 f. 
Boven, T 1052 
bow fin 944 

Boyle, R 317, 366 f, 376, 389, 412 f., 
418, 422, 428, 438, 448, 552, 814, 
893, 1079 

Boyle’s I-aw 386 ft., 398, 424 ff , 477 f 
Bmebiopoda 933 
bimchy<&ctyly 1065 
Bradl^,!, 842 ff* 

Bradley, R* 814, 825 f 
brain i026 ft., 1042 


Bianly, E 755 
Bray, C W 1038 
breathing, mechamsm of 383 
breeding, stock &15 ff , 1064 
Brenmer, D 867 f 
brewmg 128, 361, 473 f. 

Bridges, G B 985, 993 
bristle worms 933 
British Thermal Umt 594, 604 f 
brittle stars 932 
bromme 442, 485 
bronze 360 f 
Brouncker, Lord 408 
Browne, Sir Thomas 395, 820 f 
Browmng, C H 1075 
Brunet, P 1 42, 352 
Bryophyta 941 

Buflon, G L L , Comte de 865 

bulbs 834 

Bunsen, R W 469 

buoyancy 129, 366 ff 

Burdon-Sanderson, J S 1031 

burette 444 

Burgel, B H 352 

Burnet, T 378 

Bury, R de 940 

bush sickness 965 

butane 521, 531 

butter, rancidity in 870, 873 

butyl alcohol 614, 616, 521, 530 

butylene 610 

butync acid 506 ff , 613, 621 
butyim 513 
buzzer 661, 653 

cable, electric 727 ft 

cadmium 473 

Caesar, Juhus 68 

caesium 476 

caffeme 617, 1042 

caisson disease 802 f 

Ca|on, F 346 

calciferol 916 

calcination 382 f , 427 f 

calcimn 441, 467, 174, 486 f 

calcium acetate 612, 5l6, 618 

calcium formate 512, 610 

calculus 296 

Colder, R 1081, 1088 

calendar 19, $5 ft, 60 ft., 73 f„ 12$ 

calendar, correction of 65-68 

calendar monuments 55, 69 ff , 2 IS f 

calomel 359 f , 402, 440 

caloric 598, 603 f 

calorie 594 f , 605, 629, 902, 906 

calorimetry 592 ff 

Calvm,J 411 

cahe 420 f, 428 f 

cambium 830 

camera 163 

Cameranus^ R J. 823, 825 
Canmbell, U. 884, 1076 
auSls 587, 949 f 
Cancer (coxistellation) 68 f 
candle power 172 
capacity and potential factor ^ 
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capacity, electrical 
726 ff , 758 f 
capacity, unit of 676 
capillaries 798, 800, 804 f 
capillarity 398, 893 
carbohydrates 600, 906 f 
carbohc acid 886, see phenol 
carbon 441, 460 f, 186 
carbon, forms of 464 
carbon assmulaaon see photossmthesis 
carbon bisulphide 463 
carbon diOMde 414, 421 f, 428, 160 f, 
896 jff 

carbon monoxide 170, 439, 451, 463, 157, 
496, 802, 885 

carbon, omdes of 460 f , 453 f , 4 57, 506 

carbon, valency of 604 f 

carbonates 417, 136 f, 440 

carbomcacid 611,620 

Carboniferous period 934 

carboxyl radicle 611 

Carlisle, A 049 

Carnot, S 614 

carotm 916 

Carthage 316 

cartilage 831 

Cartwright, E 685 

caseinogen 910 

Cassmi, G D 285, 307, 315, 317 

Cassiopaeia 24, 29 

Castelli, B 656 

castration 854 

catapult 129 

Cavendish, H C 299, 418 f, 448, 486, 
635, 647, 669, 895 
Cavendish laboratory 729 
celestial equator (equinoctial) 23, 31 
celestial longitude and latitude 202 
cell 827 f, 843 
cell division 842, 866 f 
cell doctnne 983 
cell wall 866 

cellulose 521, 640 ff, 906, 907 
cellulose acetate 522 
cellulose nitrates 622 
Celsius, A 662 f 
centipedes 937 
centre of curvature 153 fF 
centrifugal force 275 f 
centrifugal motion 2G9, 272 if 
centrifuge 278 f 
centigrade scale 562, 581 
central nervous system 1020 
Cephalopods 936, 937 
Cercaria 844 

cerebellum 1024, 1028, 1042 
cerebral cortex 1039 
cerebrum 1024, 1028, 1042 
Cestoda 932 
cetyl alcohol 511 
Chmdees 46, 84 
chalk 440 

chameleons 1017, 1024 ff. 

ChampolHon, J F. 1080 
change of state 695 
Charles, Emd 968 f£ 


Charles, J A C 420, 805 
Charles’ Law 42 1 ff , 1 1 % 1 77 i 
cheese 801 

chenucal mdustiy, nsc of 120 If 
chemistry 358 ff 

chemistiy and medicme HO f , iO^ 
chemotherapy SG “> if 
dhick, development of 820^ * 42 1 

84711 

chicken-po'x S8 * 

Childe, Goidon '"76 

Childe, R 020 1 

Chinese 53 f , o*>, 129, 307, 400, 

030, 800 
cliitons 037 
Chlamydomonas ' o ^ 
chloracidj 322 
chloral 51 1 
chloramlme 335 
chloietone 517 
chloiidts 440, 462 

chlorme 430 f, 4 40, J7 >, f >1, 10(J 
630, 703, 8S3 

chloiofoim 3tU, 3i I, “17, 870, * 

Uiloroformic ester 3 1 7 
chlorohydrms 514, 52"^ 
chloronitrobcn/< iie «*tl3 
chlorophcnol 5 13 
chlorophyll 830, 90S, on 
chloroplasts 830, <J0s 
chloioioluencs 631, 
choke 726, 757 

cholera 780 f , 879, 8841 , sso i 
cholera, chicken 882 f 
Chordata 937 
chorea 1065 

Christianity and the euit oi ilu sit I 
77Sflf 

chromates 441 

chiomatic aberration 170 | 

chromatophoics 10 1 6 t 

chromium 4 41, 47‘n 

chromosome map ooi ii , luo7 

chromosome tluoiy c»i ht rtduv a 

chromosomes 8“ » 1! 

Cidcnas Of 

cilia «il, 837, 8f>3f , lOlO 
circle, motion m 269, 272 fl 
circumpolar stai s 23 f , 20 
citnc acid 617 
citrus pest 968 
Ckpham, J H 513, 770 
classification, biological 923 il 
Claussen, R, h 107«> 

Clavius, C 68 
clay 441, 468 
Clayton, J, 4 18 
Cleatof, P B 302 f 
Oeom^es 84, 117 
clepsydra 229 f. 
climate 560, 570 
clock escapement 279 f 
clodfes 179, 228 flf, 280, 278 ff*, 284 ff , 
294,314f, S0f,576 
ckyuds, types of 897 
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clvb mosses 9 i 1 , 9*5 
coal 404. 

coal gis 4lb f 5 f 

coal g'ls noisomr>(; b(^2 
coal nunms 304 f , < « o 
CO il iir i‘>0 f 3 3 ( f 
coals vi^Drk pc! ousnt.1 “>07 
cobalt > bC 
cocc* s^bt 
cocl>ica 3 0 » J- 
coci les 33 'j 
rocki O'Dell is i 

Cocleatei itw 0^1 
CoJien, T ^ jj ^ 
concjer 7 5} 7i2 li ^ "”3 » 
cohcsio i lOo :f 
CoiC; F J S32, i077 
Coilison * 3 m 
colon 797 
colooi Jn»b 


coloui md \/av’e k ii':;rh J i(> It 
colour bli'^dncs , 10() I , J «Mj / 

roioir ie,pwii .e UJb fl , 103 > i> , 0)13 1 
C<4unibus Cl liisrophci b too, 

117, 300, 032 

Columbus, Ri a ulus 79 » 
cvmibmatiun bv voJmiik 172, 171 Ta 
coml #iuat li )n b\ v\ ci 1 7i ) li 
corabmme; w( Aght 
tonibu tn>n 101, U>9 £ , 019 
coiubu non and icspiralion 1111 
coiiJtnumcauons 10S9 


coinmuturoi Ool 
coTnpii?iS 30(>, .7 1 S f , 090 IT 
(kmipositac 911 
compounds 43911 

condenser o 1 i, 070, 07 3 f , 7 ^0 f , 711, 
757 If 

ct)ndensers variable 757 i 
conditioned discrimination 1038 
Condorcet, M T A C 791 
conductors 637 f , 700 
congemtaU meaning of 1059 
conjunction X80 
consanguimty 1000 
conscious behaviour 1011 
conservation of cneigy 590, 019, 901 
conservation of matter 393, 443, 90 i 
constant proportions 44 2 f , 4 50 
contractile vacuole 803 
convection 504, 573 
Cook. Capt.J 790 f, 928 
Cooke, Sir W F 652 
co-ordination 1019 
CO ordination, chemical 1011 ff 
Copcrmcan hypothesis 202 ff , 210 f , 
2I3f,232 

Copermeus 117, 1 ID f., 179 , 307 
copper 441 

copper, early use of 300 
corals 834, 931 
com borer 968 
Correns, C* 976, 982 
corrosive sublimate 402 
cortex 830, 894 
cosmetics 128 


cotj^Acdons 924 f 

couple 062 f 

cou&m marriages lOGG 

cox^^po SG3 

crabs 937 

Crmc, M B !i077 

^ra iial ner /cs 1 0 2 o ff 

Crav»n:oid, \ 59'jf, Oil, G19, 902, 947 

ciayhsh 930 

CaCSoIs i96, 710, 5S1, 533, 536 
Crete 782 f 

cretmibiiA b5 3, 012, l 05S f 
Clew, F A E 1075 
Crmoidea 9 52 
crucul OAigle 1 t, 1 17 
ciiticai tempeiatui e 771 
ciocodiles 94(^ 

Ci-omptop’s mule 5S5 
CiooJkes, Su VV 800 
crop rotation 8 1 () f , 813, 824, 888 f 
crojsmg over 997 ff 
Crowthci,! G 341, 4 18, 5ilf, 543,012 f, 
Oloff, 01 672,714,727ff, 712, 770 

C 1 ubt icca 93 7, 0 1 3, 959 
Crypiobianchus 957 
ciyatal detector 705 f 
Cl yslaliiy ation 12S, Sol 
Ctcsibius 110, u7 1 
cucuinbei S27 f 
Cuenot, L 9b4 f 
culmination of stais 29, 80 
cuiorc 887 

current, umt ot 079, 677 

curved mutant 909 

Cutler, W H R 1075 

cuttings 83 1 

cnttlefibh 985,9^7 

Cuvier, G L , Baron 814, 920, 1021 

cyanacctic acid 518 

cyanamide ptocess SOO 

cyanhydrms 514, 522 

cyamde radicle 503 

cyanides 885 

cyanogen 600 

cycads 910, 944, 900 

Cyclostomata 938 f 

cycloid 289 

cyclones 181, 672 

Cyclops 937 

cytoplasm 856 

Dalenpatius 832 
Dalton, John 449 f , 610 
Darnell, J F 676 
Daphnia 937 
Darbishire, A D 976 
Darby. A 434 

Darwm, Charles 920 f , 961, 963 f,, 983 

Daxwm, Erasmus 430 f , 449, 920 

Darwm, Major 1055 f. 

date 824 f«, 828 

day, length of 38 

day. solar and sidereal 60 ff, 

Davy, Sir H 410, 448, 451, 467;, 470^ 
603 f, 014, 616, 649 f„ 703. 71ft. 
789 U S08 U ^ Mfi 
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Deacon process 473 
death 648 

declination 62 f ^ 68 f , 86, 87 f , 185 ff 
deficiency diseases 916 fif 
degradation of energy 620 f 
dehydrolysis 626 f 
Democritus 76 f , 393, 420 
density 371, 377 
density of gases 388 f , 466 f 
denudation 948, 950 f 
deposition 948, 960 f 
Descartes, Rene 135, 144, 285, 790, 
1014 

Deshayes, G P 954 
development 829 ff , 840, 842 f 
Deville, St Claire 468 
Dewar, Sir J 574 
dew point 566 ff , 681 
dextnns 621 
diabetes 909 
diabetes insipidus 1065 
diaphragm 383, 797 
diarrhoea, infantile 884, 887 
diastase 474 

diazo compounds 632, 638 
dichloracetone 617 

Dickinson, H W. 435, 543, 563, 682, 
697, 7:70 

Dicotyledons 924 f , 927, 941 
dicyanacetone 517 
dielectric 673 
Diels, M 543 
drffcacnon 746 
digestion 909 f 
digestive system 796 ff 
dihydroicyacetone 517 
Dmosaurs 958 
dip of strata 952 f 
diphtheria 884, 886 
diplococci 878 
direct current 71 7 ff , 724 
discharge tube 761 ff 
discnmmation of pitch 1038 f 
diseases, epidemic 790 f , 870 ff , 882 ff 
diseases, ^oradic and endemic 1069 
Disiaeh, Benjamm 921 
dissociation m solution 481 
distillation 128, 361 f 
divmg 802 f 
diving bell 391 
diz^ess 1032, 1036 
Dobell, C 132, 362 
dog 972 
dogfish 1033 ff 
dog’s mercury 828 
DoUond, J 834 
domestication of animals 971 f 
dominance 973, 076 f , 978 f 
dominant hereditary condmons m man 
1066 

Doncaster, D 992 

dopiness in sheep 965 

Doppler effect 321, S27 f., 340 f , 349 

Draco 21, 56^ 64 

ddll 894 

Drosophila 858 f , 985 ff:, 1062 1;, 1069 


Drosophila, chromosome map of 100 * 

drought 966 

drugs 497, 885 ff 

dryness, sense of 1010 

duck-billed platvpus >0 0 lo^ 14 

ductless glands 700, siJ, loiJ 1 

Dumas, J B A 0<4) 

Durer, Albrecht 67, loO, 7o i 1 
dyes 497, 532, 5 IS If 
d5mamics 307 
dynamite 511, 517 
dynamo 716 ff 
dyne 257, 308, 00^ 
dysenteiy, amoebic ss I 
dysenteiy, bacillary hS5 


ear 320 f 


car, mtemal 1032, 1011 t 
earth, axial motion of 2s 1, 2 no, 302 il , 
307, 6(>3 ff 

earth, mass of 29S If 
earth, orbit of 01 { 
earth, shape of 4 (> 
earth, sire of S2 11,120 
earth cucuit 738 
eartliworms 93 1 
ebony mutant 9S7 ft 
Echmoc^mata 932 f 
Echmoioea 932 
echoes 129 

eclipses 44 f , 128, 3(M>, 315 
eclipses and determination of longitude 
80 f, 131-, 179 f 
ecliptic 31, 40 

echptic, obliquity of 40, 63 f , 61 f , I2h 
ecology 964 ff 
economics 217,427,622,021 
Eddmgton, Sir A S lOt > ft 
Edison, T A 662 f 
education 582f, i0J3f, i05l f , 1072, 
1074 f, 1082 

effector organs lOKS, 1019 
efferent nerves 1022 ff 


efficiency of engine 608, 013 f , 029 
egg 822, 8U ff. 

Egypt 61, 61, 00, 05 f , 181, 2UI f , 215, 
360 f, 308, 782, 823 f 
Egyptian year 30 
Egyptology 1080 
Emmoven, W 1038 
elasticity 396 
eiectnc arc 650, 652 
ciccmc battery 048 f , 676, 704 
electric bell 651, 653 f, 710 
electric charge 638 ff , 667 ff , 674 f 
eiectnc current, chemical effect of 647, 
649, 661 f , 077 ff., 701 ff 
electric current, heating effect of 649 f., 
652, 677, 685, 094 ff. 

eiectnc current, magnetic effect of 
649ff,705ff. 

eiectnc current, measurement of 659, 
670, 677 f. 

electric discharge through gases 760 ff* 
ekctticeel 1021 

elecixkhanpf 699 £i 



Index 


I113 


electnc lighting 050, 052, OSi f , 0C>f> f, 
009 f 

electric motor 710 ff 
electric spark <>42 f , GIG, 726, 710 fl 
clcctncal am actions, measurement of 
067 ft 

electrical eqtu k^alcnt of he 't 696 
electrical michmcs 626, G 22 ft 
electrical po^v^r 7 *5 
electiic'ii power, ami of i 
electrical units 7.Mj 
clertncity, curren*. 6^0 If , 05 < 
tlcctJicity, ft aid «naio^y 656 f, 670 f, 
G77 11 , 602, 66*5 

cicctricnj, tiictiOii'^J 030 fT, 051 
electricity, liictional md current, com- 
pared 65 5 fF,725f 
electricity ana chcinistiy 617, 616, 077 
electricity mctei 711 
chctiicity ontpui of ditrcrent count ucs 

719 

electricity, positive and negative 614 
electrode ICfi, 077 
i IcctiOlysis 466 f, 616. 073 f, 701 ft 
elect lolysis, laws of 702 
elcctiolytes 167, 180 
elect roirurgnct t»51, 707 ft 
tlccnomagnciic mducuon 715ft, 

720 ft , 738 f 

clcctionngnelie radiations 763 ft , 760 
electromotive force 658 f , (tSO 1 
electrons 489 f , 763 f , 7(>7 
electrophonis 612 
elect! opiating 466, 652 f 
electroscope 611 f 

electrostatic induction 637, 639 ff , 

657 f, (572 f. 
elements 439 ff 

elements, known in eightccntli centuiy 
441 

elements, the four 1 1 9 f 

elephantiasis 932, 9<>7 

Ehzabeth, Queen 2<»5, 634, 636 

Elliot Smitii, Sir O. 22, 68, 360 

ellipse 211 ff 

Elhs, John 865 

embryo 847 ff 

embryo of nwn 9 1 1 

embryo sac 832 f , 9 <5 

Empedocles 378 

encephahtis 884 

endoenne glands see ductless glands 

endodermis 894 

endolymph 1034 

energy balance of body 902 ff 

energy concept 6 19, 02 1 

Engels, F» 616 f 

ensilage 066 

environment, antenatal 1059 

envxromnent, differences due to 1057 ff 

emiyines 473 f , 910 ft 

Epicurus 393 

epicycles 202 ft 

epidermis 830 f , 907 f 

^ithella 844 

Epaom salts 360, 460 


equatotial telescope 186 f 
equinoctial see celestial equator 
cqumo ^ 38 f , 95 

cqmnoxes, precession of 64 f, 128, 
2i8ft 

couivaicnt weight 452 
Eratosthenes 75, Sift 
eicpoin 91 ^ 
erg 603, 605 
ergot o63 

Enccson, Eief 548, 031 
Em^e^ Loid (Prothcro) S 1 1 , 899 f , 1004, 
1076 

essences 511, 513 

esters 611, 613 

ethane 508, 612, 616, 618, 521 

ethei, the 34S, 7 16, 770 

ethers 513, 529, 876 f 

eth 3 d acetate ^83,512 

ethyl aceto acetate 530 

ethyl^i^cohoJ 500 f, 512, 514, 516, 619, 

ethyl benzene 500, 531 

ethyl butyrate 613 

cllijlcyamde 614 

ethyl ether 512 ft 

ethyl formate 511 
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bpccics 0(»3 

spccilir gravity 373 s ”77 
specific heat 770, »02 f ^ GOJ 
specific heat of gists 02 ^ f 
specta* ies 1 32 f ^ 100 j o0(' 
spccri onit ter 3 fi I 
speern )scupc 3 («0 t 
cpectrc>*xopiu an U>sjs ^V1 i 
sp< c/^uui lOS ft: , 3 10 
SpuiiiA^tfiVi ' 910, 

' ptimUit^'o i (^pclai } {>‘*2 ,s2'/ f s ?22, 

sar>ft , siof ,81^0, 
spiders 937 
spin ich 8^*8 

spinal cold 3n‘>0, 10‘2‘> ft , 101” 
spinal ncivcs Jo”0, 102213 , 30‘2« 
spindle 805 f 
spinv anteatcr 010 
spirits i02 

“spirit'” in physiology 707 f 
spirocliactcs 878 f 
Spirogyra 837, 802 
spleen 878 
Spode, T* '♦29 i 
sponges 031 

sponiancous generation 810 if , 805 f, 
871 ft 

Sporangia 834 

spores 83 f ff , 805, 870 ff , 9 13 f. 

Sprat, 1 homos 218, 352, 408, 652 f , 
713 

Sprengel 820 

spring 200 f 

Stamen 827 f 

Stannius, H 1023 

Stapledon, R O 900 

star map 80 f , 105 f 

star, morning and evening 184 f 

starfish 828, 932 

starfish, femlizauon 840 

starch 521, 905, 907 f„ 909 

Starling, E H 1042 

Starling, S* G 633 

stars and weather 34 

stars, occultanon of 104 

stars, xtsing and setting of 09 f , 196 f 

states of matter 862 

stationary wave 753 

•tatocyst 1035 

atatoilth 1035 


I steisTboat 537 

steam engine 389, 404, 415, 420, 505 ft j 
582;:, 590 f, 612 f 
Stearic aod biS 
stc^iTon 513 
steel 471 ft 
SteL^ocenn^ 1 968 

Stc nncis C A 738 
SreST^a, F 1^2, 021 
«'icm, structure of 830 
Steno, N 910 
Stenodictya 9G0 
stcrcota 1032 £ 

'tenhty 917 
I stcra^^-^rion 105C, lOV 1 
Src«/irus S ”iij, 250 
sts"m* <.^27 
Still"! lati J M 514 
sti^iuh lOlO 

sflimnh, rondiuoncd and unconditioned 
1010 

stock bleeding 8i5ff , 1061 
stoin’‘cn *07, 911 f 
'tomnta 90 V f 
Stonehenge GO f , 224 
stones, pi eciouc 111 
storage battery 704 
Strabo 84 
Strasbuiger, E 1075 
Streptococcus 879 
sttingeti msmiments 307 
strontium 474, 485 
stropliantlun 885 
strychnine 885 

Stubbs, S G B 782, 784, 1076 

submarine 37 4 

substitution compounds 506 

succinic acid 504, 520 

sugar from wood 541 f 

sugar manufacture 436, 497 f , 1004 f 

sugar of lead 440 

sugars 409, 621, 611, 906, 909 

sulphamlic acid 535 

sulphates 439 f, 

sulphides 420 f , 440 

sulphomc acids 532, 634 ft 

sulphomc phenol 536 

sulphur 441, 486 

sulphur, oxides of 434, 439, 463, 467 
sulphur dioxide 418 
sulphuretted hydrogen 439 f , 463 
sulphunc aad 416, 429, 434 ff, 463, 
467 ff , 473 
sulphurous acid 434 
Suhzbach, de 427 
Sumena 65, 181 

sun distance of 113 ff*, 209 f, 340 f, 
848 

sun, retreat of 25, SO, 39 ff , 93, 261 
sun, rising and setting of 141, 196 f* 
sundial 120 f, 229 
sunspots 232 

Surgeons, Royal College of 789 
surgery 800, 874 ff 
Sutton, W,S 

Swammerdam, J« J 795 f, 
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Swan 652 

sweat 806 

switches 651 f 

sympathetic gangha 1025 ft 

synapse 1024 

synapsis 858 

synodic period 206 

syphilis 790, 792, 879, 884, 886 

tadpole 861 f 

tank culture 918 f 

tannin 532 

tape-worms 932 

tartanc acid 611, 520, 868 f 

taste, heredity and 1059 

Taylor, E G R 74, 104, lOS, 12^ ft- 

363 f 

Tchimhausen, E W 173 
telegraphy 662 f, 065, 672, 707, 737 f. 

742 ff 

telegraphy, wireless 736 ff , 755 ft 
telephone 688 f , 707 ff , 720 
telescope 132 ff, 166 ff, 170, 232, 306. 

316, 343 

television 767 f 

telluntim 487 

temperature, absolute 425 f 

temperature and heat 590 f 

temperature, body 678, 803 f 

temperatures, noteworthy 678 

Tennant, C 436 f 

Test Acts 920 f 

testis 828 f , 841 

tetanus 879, 884 f 

textiles 585 

Thales 74, 548, 630 

thalliuin 476 

Thallophyta 941 

Theophrastus 824, 923, 926 

theory and practice 696, 612, 736 f. 

870, 876, 1048, 1078 f 
therm 694 

thermal equilibrium 690 ft* 
thermocouple 700 f 
thermodynamics 606 
thermodynamics, laws of 619 f 
thermometer 396, 660 AT, 670 f, 677 f , 

680, 684 

thermometer, wet and dry bulb 669 f 

thermos flask 674 f 

Theromorpha 968 

Thomas, John 644, 771 

Thompson, D^Arcy 68 

Thompson, Silvanus 730 

Thompson, J, E, 363 

Thomson see Kelvm 

Thomson, J* A* 962 

Thdrdazson, M 631, 771 

Thorndike, Ju* 363 

thread worms 932 

thyroid gland 862 f , 912 f , 1069 

thyroxme 1059 

tidks 937 

tides 301 

time, equation of 62 f ^ 
time^ local 78 AT, 199 
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time-measuiement 32 ff^ 00 ft* , 228 f 

time perception 101/ 

tm 4 11, 172 1 

tin nunmg 301 

tissues 

toads 939 

lO'ucre 190 oilO i , IT, 635 
toimo^me 630 
toiuic acids 6 i i ^ 5 JO 
f tonsils 0x1 
tonsiiatis J'70 

Tornceili E ‘'78 jfl 3 ' 

tortoises 010 

Tourdes S05 1 

to ms S8 i 

tiachei 797 10 3 

tracheae mst ct^ eO 0 ^ * 0 1 

trache le, of plants SO > 

transformer 723 ff 

transpiiation 803 1 

Tiemaioda 9,3 f f 

Treponema pallidum 870 

Treviranus 811 

TicMthick, R 580 

Tiilobita 0.37, 0 >0 

tngononxetiy 100 ft , 311 

trigonometry, spherieal Is**, fl 

trimesic acid 617 

tnmtthyl benzene 3,37 

tnmtroglycei me *>17, "JJ 

tnmtrotolucne (TNl ) 52 J, i32, VH. 

636 

mode valve 768 
mphenyl methane 6,32 
tropical year 63 f 
tropics 47 
trypanosomiasis 88 1 
trypsm 91 1 
tryptophane 917 
Tschermak, E von 97G, 982 
Tson-Tse 800 
tubercle bacillus 879, 881 
tuberculosis 87i>, 88 1 
tubers 831 
Tull, J 894 
! Tunacata 937 
tungsten 472, 678, 700 
Turbellana 931 

Turner, D M 353, 614, 609 f , 736, 771 

Turner, John 429 f 

twins 860, 1070, 1073 

Tycho Brahe 210 f, 212, 215, 236 

Tylenchus 932, 965 

Tyndall, J. 906 

typhoid 879, 884 ft, 887 

^hus 884, 886 f 

Tyrean purple 640 

ultra-violet hght 174 ft, 700 

umbilical cord 860 

unoonfbnnity 961 

unit character 1001 

unity of type 926 ft, 928, 930 ft, 948 

universities 290, 920 ft, 988 

uxanfum 489 

XJt 860 
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urbanazQtion 540 

UiCj A 54. o75 1 

uiea iOOfr, 517, 
ureides 5J3 
ureter S29, S1 %Sl 2 
urethane 5x7 
uiethia o2% ‘MJ 
uric acxd 5 3 'I j a ^ .3 
uiinc 9 1 3 
Uosiier, J 9*0 
uteius S20 
OZa icuXus 102 k 

vaccinet^oa ^oi 

vacctncs oSi 1 

vacyr^ir 189 li 

vijina S2% 8^0 

vai<ncy 103;, ^U>jl ^501^, * 3 1 

valeric acith 5 ’ I 

Viilisnen, A Ml 

valveSi wueless 706 iT 

vanadium 472 

vapoui pies<jUie >00 f 

voncties 902 

Vailey:> C and S S 7 12 1 

vas defeiem b‘^9, Oil 

Vasco da Gama 790 

vascubur bundle 00 > 

va&elincs 507 

Vedaba 909 

vein, hepatic portal 790 

veins, puJinonciry 798 U 

vems, valves of 4111, 798 

velocity 262 ff 

velocity, and speed 209 li 

vclociiies, resolution oi 2*$9 ff , 2ol f 

velocities, triangle ol 268 f 

ventilation 404 f , 410 f , 882 

ventricles 708 f 

Venus 119, 181 ff, 20Hr, 2J0, 214, 216 

Venus cycle 182 IT 

vernier 341 f 

veronal 523 

Vertebrata 927, 937 

Vesahus, A 791 , 789, 1020 

vestigial mutant 987 IF 

Vibno cliolerae 879 

virus 879, 881, 881, 1001 

Vikings 631 f. 

Vincentes angina 886 

vine 823 fif 

vinegar 870, 873 

vital statistics 789, 792 

vitamins 9X5 

Vitnol 428, 439 

volt 669,677, 735 

Volta, A, 648, 1030 

voltage see potenttai 

Voltaire, F, Ai* A* de 402, 865 

voltameter 690 

voltmeter 689, 706, 708, 712 

Vowlcs. H. F, and M. W, 544, 551, 771 

Vries, H.de 982 f. 

WaldseemuUet, M* 128 
WaU 648 


Wall** ce, A R 961, 963 
^ sf aimer of N oremberg 232 
433 iX 

S?’^ ariagtoii, R 8b9 
VAirren j J G 875 
Vt.a.1 ai^ton j-icademy 418 f 
v'lspb, wood '‘^07 
ich spring 29i: 
v/ate. ciocl a 229 f 

watJi, composiuon of 4i9, 452 f, 

2‘j(j fl ^ lb6i , (t 17 
v/,.uer < ukuxc 9JJ? 
r/atei, expansion of 561 
%v m r g IS 196 
\/atf ", Itc rd and soft 4b2 
*at.crpovic 317 550 f, >09 
ttratcr sapou^' 6b5 t 

^dLlj lames 116 f, 110 i , 429 f, 433, 
>3l> ff, 536, 5S3 ff , 69b f, 613, 895^ 
015 

Y^atr, Jamc ,, >un 419 

watt (umt) 696, 700, 735 

wa/e length 324 ft , 337 ft , 746 

wave motion 311, 31811 

wave theories 348 f , 744 ft , 769 f 

waxes 607 

Weber, W 753 

weed control 970 

weevils, heredity in 080 

Wedgwood, Josiah 410, 430 f , 149, 677. 

5S4, 949, 1081 
weight and mass 218, 250 
Weismumn, A 1052 
welding, tlectnc G89 
Wells, H G 544, 920 
Wells, Horace 875 
Werner, A G 948 
Wesley, John 1019 
Westaway, F. W. 771 
Weston, Sir R 811 
Weston Standard Cell 659, 680 
Wever, E G. 1038 
wheat varieties 1063 
Wheatstone bridge 686 ft, 712, 738 
Wheatstone, Sir C« 662 
wheel 560 
whelk 934, 937 

Whetham, W C and C D 1066 

White, Chas. 876 

White, John 929 

white-eyed mutant 990 ft 

whoopmg cough 884 

Wilcox, 6* W. 1076 

wiU 1036 

willow 828 

windpipe 797, 881 

wmdpower 547 

winds 668 ft* 

wme 408 f*, 497 f, 868, 870, 878 
wings 942 
Winogradsky, S 889 
Winton, R R 1075 
wireless telephony 764 ft* 
wireless waves 758 ft*, 760 
witches 898 ft. 

Wohler, F. 46^ 499 f, 
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Wolf, A 132, 285, 353, 667 f, 771. 

Wolff, C F 829,832 

womb see uterus 

wood 830, 893 f , 908 

wood, distillation of 619 

wood lice 937 

Woodward, H B 1076 

Wooaward, John S92 f , 800 

Worcester, Marquis of 617, 56 3 f 

work 246 f , 613 

work, units of 602 fi 

worms 828 

Wren, Sir C 296 

Wnght, J K 81, 101, 121 f . 353, 

Wychff, John 1049 

xanthrophyll 1068 
xenon 488 
Xenophanes 915 
Xenopus 1018, 1036 
X-ray apparatus 764 
X-rays 176, 489 , 760 if 
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yaws 880 

year 20 if ^ C3 fi , IZS 
yeoxs sidereal and ^ looic •’ N ^ ' 
yeast 47 J, sr» > n , S7 0 
^ ellow-bodiea nia*ar*i. 00 j 
ycUow fever 06/ 

yew 940 
yolk 8 16 IT 
yolk s«ic 6-^0 f 
Yoan^, Ai tnui Gil. 

Young, T nomas 331, 6 1 ^ 

zenith 23 
./enith di‘ tance 3 i, 

Zimmeip A 6il 
zme 111, 17 ^ 
zme mem^ i 0 J 
zuie nitLhyl icdidt. oi6 
Zitl Ic, C 8 JO, io/(> 

zodiac 31, 30, 11 




